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SYNOPSIS 

Surfactant aggregates in nonpolar solvents have been 
studied in recent years with great interest, because of their 
special properties, as biomimetic catalysts, models for bio- 
logical membranes, agents for enhanced oil recovery and encap- 
sulating materials for enzymes etc. In nonpolar media, such 
aggregation leads to reverse micelles with a polar interior and 
nonpolar outer surface; and, as a result, such aggregates can 
solubilise water in their interiors as small water pools - 
Traditionally such systems are classified into two types: 

(a) reverse micellar systems consisting of a pure surfactant 
in an organic solvent as the continuous phase and small amounts : 
of water as the dispersed phase, and (b) microemulsions consist- 
ing of a primary surfactant, a secondary surfactant such as I 
an alcohol, organic solvent and water. While a few reverse 
micellar systems and anionic microemulsions have been extensi- ; 
vely characterised by past workers, studies on nonionic micro- 
emulsions have been few. The first part of this thesis concerns 
itself with the characterisation of a nonionic microemulsion 
system utilising the nonionic surfactant, Triton X-100, f 

After a review of the relevant literature in the field of 
microemulsions in the Introduction, we present data in Chapter 2,| 
on the hydrodynamic and structural characterisation of the 
microemulsion system Triton X-100 (p-octylph|^enyl ether of 
nonaethyleneglycol) -alcohol-cyclohexane-water. By a study 
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of the v^ater uptake values of solutions of Triton X-100 : alcohoJ 
mixtures of different ratios in cyclohexane, it is shown that 
at the optimum Triton X-100 ; alcohol ratio of 4:1 v;/w, about 
lC54v/v of water is solubilised by a 20;4w/v solution of the sur- 
factant mixture in cyclohexane to yield clear microemulsions. 
Further addition of water, upto about a. total v/ater concentra- 
tion of 17%v/v, caused the system to change into a viscous, 
thixotropic and optically anisotropic liquid crystalline phase 
while beyond 17%v/v water, phase separation occurs. The micro- 
emulsion and liquid crystalline phases and the transitions 
betv/een the two have been characterised by electrical conducti- 
vity, optical birefringence, viscosity, electron microscopy and 
light scattering methods. The microemulsions are shown to con- 
sist of spherical v/ater pools (<^300 5 radius) surrounded by 
surfactant films, while the lic[uid crystalline phase consists 
of large (about 2000 S radius of gyration) lamellar structures. 
These studies have been carried out for different alcohols, 
namely penta.nol, hexanol and octanol. The fraction of alcohol 
present at the interface and the Free energies of transfer of 
the alcohols from the bulk to the interface also have been esti- 
mated for these different alcohols. 

In Chapter 3, we describe in detail spectroscopic studies 
on this system in the microemulsion and lamellar phase and 
analyse the state of water in the entrapped pools. Near infra- 
red spectroscopy shows that most of the water resides in the 
water pools and only a negligible fraction in the continuous 
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phase. The electronic absorption band of NO^ / used as a pola- 
rity probe, reveals that the polarity of water pools increases 
from an initially low value to that of bulb water with increas- 
ing water concentration. This conclusion is supported by the 
fluorescence emission wavelength, quantura yield and depolarisa- 
tion values of 8-anilinonaphthalene sulfonic acid, a fluore- 
scence probe used in the system. C 0 CI 2 , used as a probe to 
study the state of water in the water pools, exists as the blue 
tetrahedral complex at lov7 water concentrations and changes to 
the octahedrally hydrated species only at higher water concen- 
trations, showing that v/ater in the pools is mostly bound to the 
surfactant at low water concentrations. Quantitative estimates 
of bound and bullc water as well as the mobility of the water 
and surfactant residues of the system are presented through a 
study of the ^H-NT4R relaxation times T^ and T^ of the ethylene 
oxide and OH protons of the system. The fluidity of the surfac- 
tant layers at the alkyl aryl end of the ethylene oxide chain 
has been studied by monitoring the rotational correlation time 
of a spin probe, 2', 2 , 6, 6-tetramethylpiperid-4-one N-oxide-2,4- 
dinitrophenylhydrazone dissolved in the system at different 
water concentrations . The implications of these results to the 
formation and the structure of nonionic microemulsions and 
liquid crystalline structures are discussed. 

The rest of this thesis concerns itself with the utilisa- 
tion of microemulsions as models for some interesting biological 
systems. Utilisation of microemulsions for this purpose leads 
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to many advantages because our nonionic systems are optically 
transparent, easily made, avoid charge effects and allow order- 
ing of substances of interest at the molecular level. 

In Chapter 4, we present a study of the conformation of 
bovine serum albumin and of a-chymotrypsin included into the 
vj-ater pools of different microemulsions. 'These proteins are 
found by circular dichroism studies to preserve their native 
structure in microemulsions made from sodium dodecyl' sulfate 
and from decaoxyethylene cetyl ether. The activity of the 
encapsulated enzyme (X-chymo trypsin in these systems as well as 
the Triton X-100 system are presented at different H 2 O concentra- 
tions and support the conclusions drawn from circular dichroism 
studies. In contrast, these proteins are found to be denatured 
when included into microemulsions of sodium laurate, cetyl tri- 
methyl ammonium bromide or, sodium dioctyl sxxlfosuccinate in non- 
polar solvents. The implications of microemulsion encapsulated 
enzyraes for synthesis and as cellular models are discussed. 

In the last chapter of the thesis, we present results on 
the use of a liquid crystalline lamellar system as a model 
photoregulatory membrane. The model system consists of a photo- 
isomerisable compound, azobenzene, incorporated into the lame- 
llar liquid crystalline phase of the system potassium oleate, 
hexanol, hexadecane and water. When the imbedded azobenzene is 
photoisomerised, it causes changes in the molecular organisa- 
tion of the lamellae, as shown by bulk conductivity measurements. 
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It is further demonstrated that the activity of an enzyme, 
a -chymo trypsin, included into this system, shows significant 
changes when the imbedded azobenzene is photo-isomerised, 
providing a model for the photoregulation of enzyme activity 


in biomembranes 
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The study of biological membranes has achieved a central 
position in biochemical enquiries into the structure of living 
organisms in the past two decades. Other than the task of 
simply delineating the physical boundaries of cells and cellular 
organelles, it has been established that the membranes fulfill 
many other vital functions. Membranes are the loci at which 
transport of materials into and out of the cells is controlled. 
Many important systems, like the photosynthetic and immunologi- 
cal systems are intimately linked v;ith the membranes that they 
are built into. Membrane-bound centres are also the site of 
protein synthesis. Excitable membranes are also the medium of 
nerve conduction. 

Considering the complex nature and number of functions 
that the membranes are called on to perform, it is no vronder 
that the structure of the membranes is also a complex problem 
to unravel. The two structural elements of membranes are pro- 
teins and lipids. The diverse nature of the proteins and lipids 
found in natural membranes makes the study of their various 
interactions a difficult task. Nevertheless, insight into this 
problem has been developed and the contributions made by the 
numerous workers in this field have led to coherent models of 
the organisation of natural membranes - the protein mosaic 
model (1,2), 

One important structural feature of these models is the 
presence in the membrane of large lipid regions which have 
almost no protein as part of them (3). The nature of lipid 



3 


organisation in these bilayer areas are amenable to investiga- 
tion in model systems that are simpler than the natural membr- 
anes. Two such model systems are the liposomes (4) and the 
black lipid membranes (5) which have succeeded the surface mono- 
layers (6) as more realistic model membranes. 

Liposomes are spherical bilayer vesicles that are formed 
spontaneously when dry lipids are dispersed in aqueous buffers. 
They may consist of multibilayers when dispersion is through 
agitation or be single walled as v/hen the lipid is dispersed 
through ultrasonication. Spin label# NMR and fluorescence stud- 
ies on these systems have contributed enormously to our knov;- 
ledge of lipid- lipid and lipid-protein interactions. From a 
study of liposomes and natural membranes is also derived the 
understanding of the temperature dependent gel to liquid cryst- 
alline phase transitions of lipid assemblies (7) . 

Black lipid membranes (BLM) are lipid bi layer assemblies 
that are formed when a lipid solution in an organic solvent is 
applied onto a small (1 mm radius) hole in a polymer support 
immersed in an aqueous buffer. These systems are stable normally 
for a few hours. VJhile not amenable to spectroscopic studies 
easily# BLMs are excellent models for studying the electrical 
characteristics of lipid membranes. 

Consideration of the amphiphilic nature of the lipid mole- 
cules have led many workers to probe into the nature of inter- 
molecular interactions within aggregates of synthetic surfactants 
in different solvents. The interest in surfactant assemblies 
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arises because the forces that control the formation of surfac- 
ant aggregates are similar to those responsible for the forma- 
tion of lipid assemblies. 

Of course, there exists a large body of literature on 
surfactant aggregates due to the intrinsic academic and indus- 
trial interest in micelles per se . Hovrever, the search for 
model membrane systems have led to the development of another 
point- of view, an additional source of interest in surfactant 
aggregates. 

The similarities between surfactant aggregates and biolo- 
gical structures are as follows: 

(1) The hydrophobic forces that lead to the association of the 
hydrocarbon tails of lipids, and the dipole-dipole and/or 
ion-dipole interactions amongst the head groups and between 
them and the solvent are the same as those that control 
micelle formation. 

(2) The micelle-solvent interface is in many v/ays similar to 
the lipid membrane- solvent interface. 

(3) Surfactant assemblies show changes in the rigidity of their 
organisation upon chemical or thermal perturbation similar 
to lipid membranes. 

(4) Surfactant assemblies are capable of catalysing many reac- 
tions and promoting interactions in a way similar to membr- 
ane interfaces and enzyme- solvent interfaces. 
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Due to the above reasons attempts have been made in the 
past to develop and study model membrane systems based on sur- 
factant aggregates, and the work described in this thesis is a 
contribution in this direction. 

Surfactant aggregates can be broadly classified into three 
categories, micelles, reverse micelles and microemulsions. These 
divisions are basically traditional and many other aggregate 
forms like the liquid crystalline phases may either be classi- 
fied distinctly or be considered in continuation with one of the 
three above types. 

Micelles, the multimolecular aggregates of surfactants in 
water (and occasionally other polar media) , are the basis of 
such a large number of studies that to review them here would be 
redundant. In short, micelles are formed by the aggregation of 
surfactants through hydrophobic interaction. Micellar aggrega- 
tion occurs above a particular concentration of surfactant in 
solution, known as the critical micelle concentration (cmc) . 
However, it has been suggested that an indefinite self-associa- 
tion model of stepwise aggregation may be more plausible (8) . The 
cmc as well as the aggregation number (AN) are well known to be 
sensitive to additives like urea, alcohol etc . (9, 10) . Also at 
high concentrations of surfactant, at more than 20 times the cmc, 
the micelles enlarge and aggregate, ultimately to produce liquid 
crystalline phases (11). Micelles are also capable of solubili- 
sing small amounts of nonpolar compounds. 
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'The exact micro structural features of these micelles has 
been a subject on which clarity has been lacking. Initially, 
McBain had proposed box like double leaflet structures (12) which 
was superseded by a spherical micelle with a hydrocarbon interior 
and a smooth, hydrophilic surface (13) . The spherical micelle 
or an ellipsoidal variant has been the long standing, accepted 
model. 

Recently, Menger (14) has reviewed data relevant to the 
structure of ionic micelles and has shown that a pincushion like 
structure may explain the knovm facts about micelles better. In 
the model discussed by him, a small (10-15% of micelle volume) 
nonpolar core is formed by the coming together of the nonpolar 
ends of the surfactants, with the rest of the surfactant mole- 
cule projecting out of this core into the surrounding, essenti- 
ally aqueous solvent. The distinctive feature of this model is 
the existence of deep grooves in the micelle which normally are 
filled by vrater. These grooves may act as the centres where 
nonpolar organic compounds are solubilised, rather than by 
simple dissolution in the small nonpolar cores of the micelle. 

Another interesting aspect of the micellar aggregates is 
their catalytic properties. Both due to favourable partition- 
ing and orientation of the reactants, as well as the presence of 
large interface areas, micelles act as efficient catalysts for 
many reactions (15,16). It has been suggested that the satura- 
tion kinetics shown by micelles may be similar to the saturation 
kinetics of enzymes. Also, there are structural similarities 
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between a substrate at a micellar interface and at the enz}/me 
active site. Both of these situations hold the substrate in 
an aqueous environment on one side while the other is in contact 
with an organic environment. Further, in charged micelles, the 
charges on the micelle surface may interact with the substrate 
in an enzyme-like manner (15,16). 

The interactions between surfactant molecules in micelle 
formation, especially the hydrophobic interaction, has been 
likened to the forces responsible for. the formation of lipid 
membranes (17) . Also, the interaction of surfactants with pro- 
teins has been used as a model for lipid-protein interactions in 
the natural membrane (18,19). 

Complementary to the surfactant micelles in aqueous media, 
surfactants are known to aggregate extensively in non-polar 
media also* Presumably, in nonpolar media, reverse micelles 
are formed on aggregation of the araphiphile through their polar 
head groups, with their hydrophobic tails projecting out into 
the bulk solvent. Such reverse micelles are able to solubilise 
significant quantities of polar solvents, specifically water. 
Studies relevant to the structure of the reverse micelles and 
the nature of the water solubilised in them have been reviewed 
( 20 , 21 ). 

The most thoroughly studied reverse micelle systems are 
Aerosol OT (sodium bis (2~ethylhexyl) sulfosuccinate) , dodecyl- 
ammonium propionate and partly, Igepol CO-5 30 (polyoxyethylene- 
(6)-nonylphenyl ether) systems. 
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The aggregation of Aerosol OT and other surfactants in 
nonpolar solvents has been studied by various techniques ( 22 , 
23 , 24 ). It has normally been found that many properties of 
such solutions show a break at a particular concentration of 
surfactant that can be termed the operational critical micelle 
concentration. Though in the dry system there may be no surfac- 
tant association, the addition of polar substances like water 
may produce association or change the aggregation number ( 20 , 25 ). 
It has also been suggested that presence of water may be essen- 
tial for the production of reverse micelles ( 26 ) . However, it 
has been observed that water prevents association of polyojq^- 
ethylene type surfactants in nonpolar solvents ( 27 ) , This would 
seem to be an unusual exception considering that in many cases 
water is necessary for the formation of reverse micelles ( 26 ) , 

In general, the size of the aggregates produced in non- 
polar solvents is rather small, the aggregation number being 2 
to 40 ( 23 , 27 ). The small aggregation number would seem to be a 
direct consequence of the spherical structure and the exact value 
of the aggregation number depends on the size of the hydrophobic 
part of the surfactant ( 28 - 30 ) . However, the whole approach to 
this problem of aggregation numbers has been questioned ( 31 , 27 ) 
and the e3<perimental data interpreted in terms of indefinite 
self-association of the surfactant, rather than by assiiraing the 
formation of micelles of a certain size and specific aggregation 
number. 

Other than the studies on simple solutions of surfactants 
in dry nonpolar solvents, solubilisation of water into nonpolar 
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solvents by reverse micelle foinning surfactants has been inves- 
tigated extensively (20) . Aerosol OT, for example is capable 
of solubilising upto 50 moles of H 20 /mole surfactant in its 
reverse micelle water pools (32) . Of this solubilised water an 
initial portion goes to hydrate the cation, about 6 water mole- 
cules being thus immobilised by each surfactant molecule (33) . 

A part of the water solubilised into the Aerosol OT reverse 
micelles, perhaps due to interactions with the polar head groups 
of the surfactant, loses its dissolving capacity for inorganic 
salts (34) . The state of water solubilised in Aerosol OT 
reverse micelles has been investigated extensively by spectro-- 
scopic methods and the results are as follows: 

(1) Fluorescence studies utilising ANSA (8-anilinonaphthalene 
sulfonic acid) as a fluorescence probe showed the polarity 
of water solubilised in Aerosol OT to be much lower than 
that of bulk water. The polarity slov;ly increased with water 
concentration to values more near normal (35). 

(2) NliR studies showed water to be present in a rigid, non- 
hydrogen bonded environment at low concentrations in Aerosol- 
OT/heptane solutions, ■ Rigidity decreased and H-bonding 
increased as the hydration of the Na' cations in the 
reverse micelles was completed. Further additions of water 
shifted the properties of water in these reverse micelles 

to near those of bulk water (36) . 

(3) Spin label studies show that certain molecules that may dis- 
solve in the core of the water pool in Aerosol OT reverse 
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micelles at high water concentrations may be forced out of 
the aqueous phase, into the interface, at lower water con- 
centration (37) . 

(4) A study of the pK of p-nitrophenol dissolved in the water 

0 . 

pools in Aerosol OT in heptane showed the pK of p-nitrophe- 

0 

nol to be shifted to above 11 from its normal pK of about 

a 

7.4 in water. The shift in pK^ could be assigned specifi- 
cally to adsorption of p-nitrophenol at the interface (38) . 

(5) The Kosower polarity index, 2 value of water solubilised in 
A.erosol OT reverse micelles lies in between water and metha- 
nol at low water concentrations, but the 2 value changes at 
high water concentration to values near those of bulk ivater 
(39) . 

Similar results have been obtained for acid anraonium pro- 
pionates (40,41) and some polyoxyethylene surfactants (42-44). 
Further, it has been pointed out that though the decrease in 
polarity and fluidity of water is seen in most reverse micelle 
systems, the pH of solubilised water may or may not be different 
from bulk water (20) . This is one of the properties of solubi- 
lised water that differs from system to system. Polyoxyethylene- 
nonylphenyl ether solublised v/ater was found to be highly acidic 
while dodecylammonium propionate solubilised water was found to 
be similar to bulk water by measux'ing the pK^ of water soluble 
dyes dissolved in water pools (20) . 

Lecithin forms reverse micelles in ether that solubilise 
significant quantities of water. Part of the water is bound to 
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lecithin headgroups and is unavailable to hydrate Co ions 
included in the water pool (45) . Other lamellar aggregates of 
lecithin in nonpolar solvents in presence of water are also 
known (46) . 

Other than the simple reverse micelles, most surfactants 
form much larger aggregates at high concentrations in nonpolar 
solvents, in presence of some v/ater. Often these phases are 
liquid crystalline and some studies on such phases have been 
reviewed (23,24). 

The recent interest in reverse micelles has been largely 
due to their catalytic properties (15,16). Reverse micelles 
containing solubilised water are known to catalyse many reac- 
tions very efficiently due to proper partitioning and orienta-' 
tion of reactants. The kinetics of these systems resembles 
enzyme catalysed reactions in some respects and similar mecha- 
nisms have been proposed (20) . Reverse micelle enclosed water 
has also been likened to V7ater found in membranous packets in 
biosystems like mitochondria, especially in the presence of the 
bound water species in these systems (36,47). Enzymes included 
into reverse micelle water pools have been used as models for 
cellular enzymes (48,49). Other than these points, the reverse 
micellar systems are of considerable industrial importance as 
well (50) . 

The conditions for increased solubilisation of water into 
nonpolar solvents and of nonpolar molecules into water by sur- 
factants have been investigated (51-57). In these studies it 
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was shown that for every surfactant in a given water - non-polar 
solvent system, there exists a particular optimum temperature 
at which the solubilisation capacity of the surfactant is very 
high. Above and below this temperature, the solubilisation 
capacity is much lower. This temperature is directly related 
to the Phase Inversion Temperature of the surfactant in the case 
of nonionic surfactants. By mixing tvro surfactants of dissimilar 
hydrophile-lipophile balance (HLB) values, we can arrive at 
optimum combinations that possess good solubilisation efficiency 
at any given temperature. Larger size of surfactants leads to 
better solubilisation and mixtures of nonionic and ionic surfac- 
tants show good temperature stability of their solubilisation 
capacities. The efficiency of solubilisation of water into 
hydrocarbon is dependent upon counterions and dissolved salts 
( 54 ) . 

An intuitive grasp of the factors involved in the solubi- 
lisation efficiencies led Schulman to the formulation of the 
first high solubilisation efficiency system, V7hich later came to 
be called microemulsion. Since the main body of this thesis 
concerns itself with the properties of nonionic microemulsion 
systems, we now present a brief review of relevant past work in 
this field. 

Microemulsions are systems consisting of water, a nonpolar 
solvent, a surfactant and cosurfactant. In general an alcohol 
is used as the cosurfactant. One of the two liquids forms the 
continuous phase and the other is contained in small (circa 100 S 
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radius) spherical droplets / surrounded by a mixed film of sur- 
factant and cosurfactanti Depending on v/hether oil or water 
forms the continuous phase, the system is called a water-in-oil 
or oil-in-water microemulsion , respectively. Many microemul- 
sions of one type can be converted to the other, i.e., water- 
in-oil to oil-in-water, by adding increasing quantities of one 
of the phases. Normally, this inversion occurs through an 
intermediate viscoelastic gel stage. In microemulsions, the 
cosurfactant alcohol is considered to be distributed between 
the bulk phase and the interfacial surfactant film. Microemul- 
sions appear to be clear solutions because due to the small 
size (compared to the wavelength of visible light) of the dis- 
persed phase droplets, the system is only weakly light scatter- 
ing. The exact phase boundaries of microemulsion systems are 
sensitive to counterions as vjell as temperature. Also, for any 
given surfactant, different cosurfactants seem to produce diffe- 
rent results in terms of their solubilisation efficiency, size 
of the microemulsions produced and phase boundaries. The work 
done so far on microemulsions have been recently reviewed by 
Shah (59) and Prince (60) . 

The investigations into the nature and formation of micro- 
emulsions started with the work of Schulman and his coworkers 
(58) . Hoar and Schulman (58) studied water-in-oil microemul- 
sions and formulated the following conditions for their format- 
ion with soaps as primary surfactants ; (1) A high soap to vrater 
ratio, (2) Presence of a nonionic cosurfactant, alcohol, acid 
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or amine, of a size smaller than that of the soap at molar con- 
centrations close to that of the soap. They suggested that 
spontaneous emulsification of added v/ater into small droplets 
occurred in these systems because of the near zero interfacial 
tension between water and oil due to the effect of the surfact- 
ant mixture. Schulman and McRoberts (61) found that hexanol 
and longer alcohols v/ere effective as cosurfactants in Tvater- 
oil systems in producing water-in-oil microemulsions v/ith soaps 
as primary surfactants. Alcohols of lov/er chainlength produced 
conducting solutions of indefinite structure. 

Based on X-ray and light scattering measurements, 

Schulman and coworkers (62,63) showed the oil-in-water and 
x^rater-in-oil microemulsions to consist of small (100-500 R 
radius) spherical droplets of the dispersed phase, surrounded 
by a 20 S thick surfactant film. The radius of the dispersed 
phase droplets decreased with increasing surfactant concentra- 
tion. Similarly, the size of the dispersed phase droplets vras 
sensitive to both the surfactant-cosurfactant ratio and the 
total concentration of the dispersed phase. Moreover, the 
microemulsions seemed to consist of closely packed dispersed 
phase spheres in a medium of the continuous phase. 

In order to effect comparison, Schulman (65) also studied 
the structures formed by high concentrations of nonionic, poly- 
ethylene oxide type surfactants in oil/water. They showed the 
formation of lamellar, cylindrical and spherical structures in 
these surfactants, depending on the nature of both the polar 
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and nonpolar part of the surfactant. 

In 1955, Bowcott and Schulman published a landmark paper 
(66) v/hich discussed many aspects of rnicroemulsion formation. 
They found that K-oleate/water/benzene vj-ith butanol or pentanol, 
at low v/ater concentrations produced highly conducting ' anomal- 
ous ' systems, while hexanol produced nonconducting v/ater in oil 
microemulsions. The hexanol V7as found to be distributed betv/een 
the interface and bulk organic phase, while the soap was assum- 
ed to be present in the interface entirely. Estimates of 
hexanol at the interface showed the alcohol to soap ratio at 
the interface to vary between 2:1 to about 3.2:1. Substitutj.on 
of hexanol by longer chainlength alcohols increased the size of 
the microemulsions produced. 

Bowcott and Schulman suggested that the interfacial surfac- 
tant film can be considered to be a separate phase (interphase) w 
This film has different properties at its tv/o interfaces, one 
with oil and the other with v/ater. The two interfaces have 
different interfacial tensions and their resultant determines 
the curvature, size and phase continuity of the microemulsions. ! 
The function of the alcohol is to penetrate the interfacial 
soap film and increase the disorder present in the film. This 
has tlie effect of turning the soap film into a two diraensional 
liquid, with different interfacial tension values on its hydro- I 
phi lie and hydrophobic sides. If the interfacial tension : 

between the surfactant film and oilC Y^^^) is greater than the 
interfacial tension between the surfactant film and water (Y, /„) : 
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then an oil-in -water microemulsion is produced. If Ym/oOm/v/ * 
then a water-in-oil microemulsion is produced. 

Following their electron microscopic observations on micro 
emulsions (67,68), Schulman, Stoecknius and Prince suggested 
that the low (near zero) interfacial tensions required for the 
formation of microemulsions could be achieved by increasing 
disorder in the interfacial soap film through (a) penetration 
of the interfacial mixed surfactant film by hydrocarbon mole- 
cules, (b) use of large counterions to make the ordered packing 
of soap molecules in a two dimensional film difficult and (c) 
easy penetration of the soap film formed according to (b) by 
molecules from the oil phase. Support for these notions came 
from the previously available studies on penetration of surfac- 
tant monolayers by oil molecules at the oil-water interface ' 
(69,70). It was also pointed out (66) that the phase conti- 
nuity of the microemulsions could be affected by surface charges; 
on the surfactant film, a charged film favouring the formation 
of an oil-in-water microemulsion. 

Schulman considered the condition for stability of micro- ; 
emulsions to be zero interfacial tension between oil and water 
at equilibrium, with spontaneous microemulsification being due ; 
to transient negative interfacial tension. This concept of 
transient negative interfacial tension has been extended by 
analogy to other systems by Davies and Haydon (71) . , 

Molecular interactions at the interfacial film and the 
interfacial tension in microemulsion systems have been discussed 
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by a number of authors (72-78) . The thermodynamics of such 
systems has been reviewed recently (79/80). 

The early studies of Schulman essentially concentrate on 
the physical properties and stability of the microemulsion 
systems. Spectroscopic work on these systems has been carried 
out extensively by Shah and coworkers (59/81-85). Conductivity, 
NMR and viscosity studies xvere used to establish that water~in 
oil microemulsions are converted on addition of water to oil-in- 
water microemulsions through intemnediate stages of water 
cylinders and water lamellae in the system water/ hexadecane/ 
potassium oleate and hexanol. They also established that the 
lamellae in the liquid crystalline phase could be ordered with 
respect to each other on standing. Shah has also suggested (85) 
that the lamellar phase of the above system may be utilised as 
a model membrane since it responds to calcium ions and anaesthe- 
tics in a way similar to lipid membranes. The importance of 
the above work lies in the experimental demonstration of the 
sequential appearance of different kinds of association struc- 
tures in the surfactant system. The sequence of structures 
previously predicted by Winsor theoretically are shown in Fig. 
1.1 (86). Further, Shah and coworkers presented NMR evidence, 
alongv/ith conductivity data, to show that when pentanol is used 
as cosurfactant instead of hexanol, the potassium oleate, v/ater, 
oil system produces molecularly dispersed (or cosolubilised) 
water-in-oil systems, rather than water-in-oil microemulsions. 
However, it has later been shown that even in pentanol 
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cosurfactant systems, microemulsions are produced (87) * 

Rosano and coworkers, investigating the conditions of 
microemulsion foirmation have shov.m that alkyl sulfates form 
microemulsions irrespective of the counterion, while soaps are 
counterion sensitive (88) . Gerbacia and Rosano (89) studied 
the distribution of the alcohol between the interface and bulk 
phase. They also suggested that the formation of microemulsions 
was sensitive to the order of addition of components, a state- 
ment that has been later questioned (90) . Rosano and cov/orkers 
have interpreted the results of their experiments to indicate 
that micromulsions are kinetically, rather than thermodynamically, 
stable (91,92). Kai-Li-Ko has examined the soap-alcohol-oil- 
water system by light scattering (93) . 

Combining together the results of studies like those 
carried out by Shah, Prince has proposed a phase diagram of 
surfactant-oil-water systems which is presented as Fig. 1.2 
(94) . The interesting aspect of this hypothetical phase diagram 
is the way it unifies micellar solutions, o/w microemulsion, 
lamellae, cylinders, w/o microemulsions and reverse micellar 
solutions into a rigid sequence. 

From a study of ternary and quartemary phase diagrams, 
an approach pioneered in this field by Ekwall (95,96), Friberg 
has questioned the validity of the term microemulsions at all 
(97-99) . Friberg points out that the microamulsions are a 
natural continuation of the reverse micelle region in a water- 
surfactant-cosurfactant phase diagram when a fourth component. 
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oil/ is added to it. Prom considerations of 4-dimensional 
phase diagrams for the normal microemulsion systems, he formu- 
lates a phase diagram similar to Fig. 1.3, very different from 
the Prince phase diagram. Fig. 1.2. As a consequence of this, 
the liquid crystalline phases found during inversion of micro- 
emulsions at intermediate water to oil ratios will fall in the 
multiphase region of this phase diagram. The apparent phase 
stability of these liquid crystalline phases may be only 
kinetic. In this context the use of the special term 'micro- 
emulsions’ has been questioned and 'swollen micellar solutions' 
considered more appropriate. 

Bansal and Shah (59) have suggested that 'microemulsions' 
may be a class of aggregates V7ith a significant enough distinc- 
tion even though they may be simply swollen micellar solutions 
because (a) while all microemulsions are swollen micellar solu- 
tions, not all reverse micelles can be swollen with a solubi- 
lisate to the size level of microemulsions , (b) the higher 

solubilisation capacities and larger sizes of aggregates found 
in microemulsions distinguish them quite significantly from 
simple swollen micelles and reverse micelles. 

Nevertheless the basic controversy can be settled only i 

when significant thermodynamic or supramolecular organisa- : 

tional differences can be established between microemulsions 
and swollen micelles, or the absence of such differences is 
established. Until then, as is the scientific custom, conven- 
tion is likely to prevail and the traditional term ’microemulsions 
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retained for surfactant-cosurfactant-oil-water systems of the 
size and shape already discussed. 

Our interest in the raicroernulsion systems is due to the 
idea that these systems can be developed into interesting 
models for biochemical systems. 

In cells and many subcellular organelles, membranes that 
define the boundaries of the system extend their influence on 
the entire system. In many organs, membranes are folded such 
that they possess a very large interfacial area. Proteins may 
interact directly with the lipid or protein components of the 
membranes. Moreover, and more importantly, the membrane compo- 
nents can interact with the water in the cell in specific ways 
through their headgroups, affecting water structure and conse- 
quently the structure of macromolecules dissolved in cellular 
water. Further, the membrane acts as a barrier to transport of 
matter into and out of the cell systemi The bilayer lipid 
membrane surrounding the aqueous central compartment of the 
cells is supremely well organised to fulfill its biochemical 
functions. 

Prom the centre of water pool, a large number of 
similarities can be seen' between water-in-oil microemulsions 
and the cell as a whole. The bilayer lipid membrane in the 
cells is represented by the mixed surfactant interfacial film 
of the microemulsions. . The central water pool of the w/o micro- 
emulsions is similar to the water in the cell. The lipid 
membrane presents a surface sheath of polar head groups, bached 
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by a strongly hydrophobic nonpolar region, v/hen viewed from the 
inside of the cell. A similar arrangement of polar groups, 
backed by a hydrophobic region, is achieved in w/o microemul- 
sions as well. The formal similarity of the core of water-in- 
oil microemulsions to cellular environments is depicted in 
Fig. 1.4. 

While reverse micelles with some solubilised water in 
them may also be similar to vi/o microemulsions in these respects, 
the small size (^[^lOO 2 diameter) of the reverse micelles is a 
point against their favour. The much larger size of the water 
pools in microemulsions formally make them closer to the 
natural dimensions of cells and hence, they may be better 
models of cellular environments. 

A few studies have been reported in literature in which 

microemulsions have been utilised for similar purposes. Shah 

24- 

(85) as mentioned earlier, showed the effect of Ca and anaes- 
thetics on soap-hexanol systems to be similar to their effects 
on biomembranes. A microemulsion system has been utilised to 
study the mechanism of interaction of Cu^ ' ions with ligands 
at a polar-nonpolar interface as it occurs in different enzymes 
(100). A few biochemically important reactions have been studi- 
ed at microemulsion interfaces by Mackay and coworkers (101 - 
105). The reactions studied were: (1) incorporation of divalent 
metal ions by tetraphenylporphine in terms of kinetics and 
intermediates, (2) photodegradation of chlorophyll, (3) chloro- 
phyll sensitized photo reduction of dyes by ascorbate and 




26 


(4) acid-base equilibrium, dye absorption and reactivity. Most 
of these studies were carried out on oil-in-water microemul- 
sions in the system sodium cetyl sulfate-alcohol-hydrocarbon- 
water. 


We have concentrated in the initial part of this thesis 
on water-in-oil microemulsions of the nonionic system Triton 
X-100 alcohol-cyclohexane-water. The nonionic system was 
chosen because 

(1) with a nonionic microemulsion charge interactions being 

absent, the v/eaker dipole-dipole interactions beta-7een v/ater 
and polar groups in water-in-oil microemulsions are studied 
better. Similarly, when biopolymers like enzymes are inclu- 
ded into a nonionic microemulsion, absence of charge inter- 
actions may make interpretations easier and less aiTibiguous. 


(2) In the absence of ionisable groups lining the v;ater pool, 
the definition and control of pH of the v/ater pools is more 
concrete. This is an important property when biochemical 
modelling is envisaged as a purpose of the study. 

(3) Triton X-100, p ej :yew in |■^ 1 .y^ll.^.TTgl is a widely used biochemical 
reagent v/hose aqueous micelles are well studied (106,107). 
Hence our microemulsion studies will be complementary to the 
aqueous micelle and reverse micelle studies on similar sys- 
tems . 


There is a lot of intrinsic interest in the complete charac- 
terisation of a nonionic microemulsion system since past 
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studies have been essentially concerned with ionic micro- 
emulsion systems. Further, while reverse micelles have 
been extensively studied and spectroscopically characterised,, 
similar studies in depth of the spectral properties of micro- 
emulsion systems have not been carried out. Most work on 
microemulsions, as reviev/ed earlier, has been carried out 
on properties like conductance, viscosity, light scattering, 
phase diagrams, etc. In the light of the 'swollen micellar 
solution' versus 'microemulsion' controversy, we believe 
that spectral characterisation of microemulsion systems 
utilising techniques developed for the study of reverse 
micelles will be of value. 

(5) In the case of w/o microemulsions, by adjusting the HLB 

value of the surfactant by altering the surfactant-cosurfac- 
tant ratio, the amount of water solubilised can be increased 
to high values easily at any given temperature. Such a 
feature is not characteristic of reverse micelles. Nomally 
all reverse micelles, especially nonionic reverse micelles, 
have low aggregation numbers and are of a small size which 
makes them unsuitable for our present purpose. 

With the above considerations in mind, we have, in the 
first part of the thesis, characterised the microemulsion and 
liquid crystalline phases of the Triton-X-100 - alcohol-cyclo- 
hexane-water system. Chapter II deals with studies directed 
towards the establishment of phase boundaries and solution pro- 
perties of the surfactant aggregates. Chapter III discusses 
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the results of spectroscopic studies on these systems. Many 
spectroscopic techniques are applied to the microemulsion 
systems for the first time to the best of our knov/ledge and, 
we believe, with good results. 

Chapter IV and V discuss the utilisation of microemul™ 
sions for simple biochemical modelling purposes. Chapter IV 
deals with the activity and conformation of proteins includ- 
ed into v/ater-in-oil microemulsions and presents such systems 
as models for enzymes included in cells. Chapter V deals X'rith 
the utilisation of a microemulsion forming system as a model 

membrane with photoresponsive properties. We also discuss a 
novel model for the photocontrol of biological systems in gene- 
ral in Chapter V. The past results relevant to these studies 
are reviewed in the beginning of Chapter IV and V, 
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PHYSICAL STUDIES ON 
TRITON X-100- ALCOHOL MICROEMULSIONS 
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In this chapter# we present evidence directed towards the 
establishment of the formation of microemulsions of the v/ater- 
in-oil type in Triton X-100 : alcohol solutions in cyclohexane 
and an analysis at some length of the physical properties of 
the microemulsion stioactures formed. The reasons for the choice 
of the systems under study and the reasons for this study itself 
have already been discussed in the Introduction. 

MATERIALS AND METHODS 

The Triton X-100 used in the studies was purchased from 
CSIR Biochemicals Unit, New Delhi. The Triton X-100 used was 
cleared of any low boiling impurities by exposure to vacuum for 
3 hours at 60-70 °C. Cyclohexane used as solvent was freshly 
distilled after drying over sodium x^7ire. The alcohols were 
purified by fractional distillation. Salts used were of AnalaR 
quality. Deionised, glass distilled water was used for making- 
up aqueous solutions. 

To measure the maximum water uptake, different volumes of 
water were added to aliquots of a 20% w/v solution of the sur- 
factant mixture in cyclohexane. The saraples v/ere then shaken 
to ensure mixing, allowed to stand for a fev7 minutes, centri- 
fuged at 800 rpm in a table-top centrifuge and then inspected 
for phase separation. The samples were tested for optical aniso- 
tropy by viewing the sample tube held between crossed polarisers 
against a strong light source, Ihe ratio of Triton X-100 to 
alcohol (on a w/w basis) was varied in fixed steps. Based on 
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t±te results of the v/ater uptake studies, Triton X-ioo to alcohol 
ratios of 3:2 and 4:1 (w/w) were chosen for further investiga- 
tion by other techniques. 

Conductivity measurements were carried out by slowly add- 
ing a measured quantity of aqueous KCl solution to a fixed volume 
of the surfactant solution in cyclohexane. The conductivity of 
the system was measured after vigorous mixing after each addition. 
A systronics 303 conductivity meter, standardized regularly 
against a 0,1 M KCl solution, was used for the measurements. The 

KCl solution, used as the indicating electrolyte in the titra- 

-1 

tions,had a specific conductance of 0.01286 mho cm . All runs 
were repeated at least tv;ice and averaged. 

Viscosity measurements were made on freshly prepared 
samples. A Rheotest II rotating cup viscometer with measuring 
system N was used for the measurements. All measurements were 
carried out at a number of shear rates ranging from 1312 to 

100 sec . For non-Newtonian samples, the values of viscosity 

-1 

at a shear rate of 1312 sec havs been used for calculating the 
relative viscosities. 

Light scattering studies vrare conducted using a Brice- 
Phoenix series 2000 light scattering photometer with appropriate 
accessories. A standard cylindrical cell and the narrow beam 
geometry were used, with the addition of v/ater and mixing being 
carried out in the cell itself. To remove dust particles, all 
solutions were repeatedly filtered through a fine sintered glass 
funnel under nitrogen pressure. All glassware, including the 

i i ' ■ ' ' 
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cells/ were washed repeatedly in detergent solution, filtered 
water and then acetone. Drying was done in a clean box. Trans- 
mission electron microscopy was carried out on a Philips EM3 
electron microscope. The samples were prepared by substituting 
the water (normally added to the surfactant solution to form 
microemulsions) ^^?ith 1 % KPT stain. The sainples, with different 
volume percentages of the stain solution added, were applied on 
a carbon support film, air dried and examined in the electron 
microscope at 85 kV. 

To ascertain the composition of the interfacial film the 
method used was similar to that of Gerbacia and Rosano (l). To 
a concentrated solution of Triton XflOO in cyclohexane x\ras added 
a known volume of water to produce turbidity. Then the alcohol 
under consideration was added in small quantities from a micro- 
burette until the system becomes clear. A known volume of cyclo- 
hexane was now added to produce turbidity and the system again 
titrated to clarity with the alcohol and the process repeated. 
From these data, under the assumption that no alcohol is present 
in the solubilised water and that all the Triton X-100 is pre- 
sent at the (CgH^ 2 “H 20 ) • interface the composition of the inter- 
facial film was calculated. All experiments were carried out 
at 30 + 1°C. 

RESULTS AND DISCUSSION 
1. Water Uptake 

Figure 2.1 gives the values of the amount of water taken 
up by Triton X-100 : alcohol solutions in cyclohexane. The total 
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Water uptake by a 20% 'A'W solution of Triton XIOO 
pTiixture m cyclohexane. 
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amount of (Triton X- 100 + alcohol) in all cases was 20% w/v in 
cyclohexane. 

At 30°C it V7as found that a 20% w/v solution of Triton 
X-100 alone in cyclohexane solubilises only about 0,1% v/v of 
water. This is a very small amount i.e., about 0.3 moles of 
water per mole of Triton X-100. This value is also comparable 
to those obtained by El Seoud (2) for Triton X-100 in CCl^ solu- 
tions, who found that at less than 20% w/v concentrations in CCl^, 
Triton X-100 solubilised less than 0,3 moles of water/mole Triton 
X-100, However, when the composition of the surfactant mixture 
is altered to 4:1 Triton X-100 : alcohol, we find that the amount 
of water taken up into clear, transparent solutions increases to 
9%, 11% and 10% v/v (i.e., 16.7, 17.8 and 17.3 moles of water/ 
mole of Triton X-100) for pentanol, hexanol and octanol respect- 
ively, At higher alcohol to Triton X-100 ratios the maximum 
amount of water taken up into clear solutions decreases. Hexanol 
seems to be somev/hat more effective than pentanol and octanol in 
increasing water uptake by Triton X-100 solutions in cyclohexane. 
Another point of interest is the existence of a slightly turbid, 
anisotropic region before the onset of phase separation in the 
case of the 4:1 Triton X-- 100: alcohol mixtures after the clear, 
isotropic region. This anisotropic region extends from 9 to 13%, 
11 to 17% and 10 to 13% v/v water concentration in the pentanol, 
hexanol and octanol cases respectively. 

Such behaviour is consistent with and understandable in 
terms of the past work on the water solubilisation efficiency 
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of surfactants by Shinoda and Kunieda (3) and Friberg £t ^1, (4) . 
Even though pure alcohol and pure Triton X-lOO have very poor 
solubilising abilities by themselves, a mixture of the two, at 
an appropriate concentration ratio shows a vastly enhanced 
ability to solubilise water into cyclohexane, Shinoda and 
Kunieda (3) found that at any given temperature, for a given 
solvent and water, there exists an optimum hydrophile-lipophile 
balance (HLB) at which maximum solubilisation occurs. Also, for 
a given surfactant, maximum solubilisation occurs at a terapera- 
ture close to its phase inversion temperature. 

In our system, the main surfactant is Triton X-IOO. Triton 
X-100, due to its long ethylene oxide chain, is considerably 
hydrophilic and hence has a high phase inversion temperature. 
Hence, at 30°C, its solubilising ability is very low. But as 
an alcohol is added to it, the surfactant mixture becomes more 
hydrophobic, its solubilising ability increases until an optimiim 
alcohol concentration is reached, beyond which it decreases on 
further addition of alcohol. The enhancement of the efficiency 
of Triton X-100 for solubilisation of water into cyclohexane 
on a moles water solubilised/m*ole of Triton X-100 basis is 
even more significant than the variation seen in Figure 2.1, 
because the overall concentration of Triton X-100 decreases 
with increasing concentration of alcohol under the conditions 
of study. 

It appears that the optimum Hydrophile-Lipophile balance 
occurs near an alcohol to Triton X-100 ratio of 1:4 for all the 
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three alcohols tested under our experimental conditions. 

Vv^ater can be taken up into surfactant solutions in non- 
polar solvents to produce clear dispersions in two distinct 
ways; a) when the water is either molecularly dispersed in the 
solution, or b) is contained in nearly spherical reverse micelles 
or microemulsions v/ith radii that are small in comparison with 
the v/avelength of visible light. At the same time, the optical 
anisotropy of the turbid region in these systems can be ejqslain- 
ed if we assume the presence of ordered, highly as^immetric 
structures. Such structures can be either v/ater cylinders or 
lamellae surrounded by surfactant films in which the surfactant 
molecules are oriented at the v^ater-hydrocarbon interface with 
their hydrophobic part into the hydrocarbon continuous phase 
and the hydrophilic part into the aqueous phase. Such liquid 
crystalline assemblies are well knox-m in literature in the case 
of the soap-alcohol-hydrocarbon water systems (5-7). 

Though, as discussed in the Introduction, Friberg has 
pointed out that such liquid crystalline strictures in similar 
surfactant systems fall in the multiphasic region of the phase 
diagram (Fig. 1,3), we have treated the liquid crystalline, 
anisotropic region as if it were a single phase. This is due 
to the high phase stability of the system in the region. Storage 
of samples in the liquid crystalline region for months did not 
lead to any phase separation. Hence, we have treated samples in 
this region as if made of entirely a single homogeneous phase in 
our further experimental studies. 
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Another point of interest is that the high values of water 
solubilised/mole of Triton X-100 (more than 15 moles H 2 0/mole 
Triton X-100) suggest that all the water in the system will not 
be in a form bound to the surfactant. It is , more likely that 
discrete pools of free, unbound water (contained by a surfac- 
tant film) exist in the system. 

2 . Conductivity Studies 

Figure 2.2 gives the variation in the conductivity of a 
20% v7/v solution of a 3:2 (w/w) mixture of Triton X-100 and 
alcohol in cyclohexane as aqueous KCl is added to it. The initial 
addition of (upto 5% v/v) KCl solution does not lead to any signi- 
ficant increase in the specific conductivity of the solution. The 
specific conductivity values start rising rapidly prior to the 
phase separation point and continue rising even beyond phase 
separation. 

Now, if the added electrolyte solution was molecularly 
dispersed through the bulk of tlie solvent, it would lead to a 
significant increase in the number of carriers available for 
electrical conduction and v/e would expect the specific conduc- 
tance to rise steeply even for additions of small volumes, say 
1% v/v, of the electrolyte solution. The absence of such 
behaviour in our systems indicates tliat the aqueous phase is not 
molecularly dispersed. 

On the other hand, the insensitivity of specific conduct- 
tance ,to added electrolyte solution can be explained if we asssume 



Vo v/v KCl solution added 


Variation in specific conductivity of 20% w/v solution of i 
Triton X 100 - Alcohol (3:2 w/w) in cyclohexane with amou 
of aqueous KCl added. 

• - Pentanol ; o - Octanol , x-Hexanot. 
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the aqueous olactrolyte solution to be contained in specific 
water pools surrounded and stabilised by a surfactant film. 
Under these conditions the interfacial surfactant film and the 
continuous organic phase between such water pools would form a 
significant barrier to conduction. Conduction can take place 
onl 3 -' through the contact of specific v/ater pools vjith the elec- 
trodes. Hence , we conclude that the added electrolyte solution 
is contained in discrete water pools that are formed in the 
interior of these microemulsions. Such conductivity measure- 
ments have been used in the past to distinguish between solubi- 
lisation that occurs through microemulsion formation and that 
through molecular dispersion (8/9). The increase in conductior 
just before phase separation in these systems can be taken, to 
be indicative of the enlargement of the size of the water pools 
The conductivity is high after the phase separation point 
because there is no significant barrier to conduction in the 
stable macroemulsion formed. It is also to be noted that the 
conductivity behaviour is similar for all the three alcohols 
used as cosurfactants. 

Figure 2.3 shows the variation in the specific conductari 
of a 20% w/v solution in cyclohexane of a 4:1 Triton X-100 : 
alcohol mixture. In these cases, we find that for the initial | 
additions of KCl the specific conductance does not change from; 
the organic phase values, then increase slowly at the point 
where the clear to turbid (or isotropic to anisotropic) phase 
transition occurs, then falls to an intermediate value and 
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Vo v/v KCl solution added 


■s 

Fig. 2.3 VariotFon in specific conductivity of 20Vo w/v solution of . 

Triton X' too -Alcohol (4:1 w/w) in cycldicxone with oianquril 

- t. x * Hexonol. 
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rises further again upto and bevon^ +-v. v, 

^ phase separation point 

While for the initial . 

. the eeme rseeonlng ae 

in the 3:2 Triton X-300 • alr-nVirhi 

alcohol case will hold, the fall in 

specific conductivity in the earlier Dart o* th 

cij.j.xer part of the aniosotropic 

region is a point of intere'^t ra 

e.t. If we assume that the aniso- 
tropic region contains water-su-tp,o 4 - 4 - n • 

cylinders or lamellae, 

t e continuous abacus channels found in these structures woul 
- expected to ™ahe conduction easier than in the isotropic 

region. But this factor is opposed by the Increased macro- 

SGopic, and P0rhaps micmc^nrirhT 

P- microscopic, viscosity of the system due to 

the presence of large asymnetric st^ctires. ibis increase in 
viscosity would reduce the mobility of the water cylinders as a 
whole and of the conducting ions through the water channel. 
Initially in the anisotropic region this viscosity effect over- 
rides the effect of longer water channels. Later as more water 
is added, the ease of conduction increases and the specific 

conductance rises due to the greater size of the aqueous 
channels. 


3. Viscosity Studie s 

In Figure 2.4 are shown tlie variation in the relative 
viscosities of the 3:2 w/w Triton X-100 : alcohol mixtures in 
cyclohexane for different alcohols as a function of added water 
Similar viscosity data for a 4:1 w/w Triton X- 10 0 to alcohol 
ratio are presented in Pig. 2.5. 



D 
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12 7oV/v H 2 O 


Variation of relative viscosity of 20% 
cyclohexane of Triton X 100 - Alcohol ( 


amount of water added. 
• - Pentano! 

X - Hcxanol : ■ 

o - Octanol 


w/v solution in 
• 2 'w/Vv I with 





Fig. 2.5 Variation of relative viscosity of 20% w/v solution in cycle 
hexane of Triton X 100 - Alcohol (4 : 1 w/w) with annount of 


water added 
• - Pentanol. 
X - Hexanol 
o - Octanol 
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The qualitative features of these viscosity curves are 
consistent with the conclusions based on conductivity and 
anisotropy data. For the 3:2 Triton X-ioo : alcohol mixture, 
we see from Figure 2.4 that as vjater is added the relative 
viscosity of the system increases slowly in the initial portion, 
and later somewhat steeply until after phase separation occurs. 
This would be the natural consequence of introducing water as 
a dispersed phase into the initially homogeneous surfactant 
solution. All soluti.ons showed Newtonian behaviour in this 
composition of the system, suggesting that the dispersed phase 
is present in highly syiometric, i.e. spherical-shaped, droplets. 

In the 4:1 case, it can be seen from Fig. 2.5 that the 
initial part of the viscosity curves are very similar to the 
3:2 case. Additional features seen are that the relative visco- 
sity increases to very high values as the phase transition from 
isotropic to anisotropic phase occurs. In the anisotropic 
phase, all solutions tested displayed strongly non-Newtonian 
viscosity behaviour. Figure 2 . 6 shows the shear rate depen- 
dence of the viscosity values of one such representative solu- 
tion. This strongly non-Newtonian behaviour exhibited by the 
anisotropic phase with all the three alcohols can be interpreted 
as due to the presence of highly asymmetric structu.res such as 
cylinders of lamellae in the system under these conditions (10) . 

Another interesting property shown by the 4.1 system is 
Thixotropy . At any given shear rate, anisotropic 
4:1 system which have been allowed to stand 

^ 


phases of the 
4 hours qa 
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Shear Rate sec~^ 


Fig. 2,6 Shear rate dependance of viscosity of 20% w/v solution in 
cyclohexane of Triton X 100 - hexanol (4:1 w/w ) . 

Water added: • — 9% v/v , 

o — 11% v/v. 
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viscosity values that were initially lower than those of 
freshly prepared solutions* Under shear these anomalously low 
viscosities increased slowly over about 5 minutes to values 
close to those of freshly shaken solutions. Such behaviour has 
been noticed in the past in the laiiiellar phase of the system, 
potassium oleate-hexanol-hexadecane-water and has been inter- 
preted to mean that the water- surfactant lamellae become ordered 
with respect to each other on standing, leading to lovj viscosity 
values (ll) . Such ordering is destroyed on shaking or upon 
the application of shear and the system gives viscosity values 
close to freshly prepared solutions in which there is no such 
ordering. 

Our attempts to quantitatively analyse the relative visco- 
sity values for the 4:1 and 3:2 isotropic phases failed as none 
of the available ejcpressions for the dependence of relative 
viscosity upon the volume fraction of dispersed phase seem to 
fit the observed data well. 

For very dilute suspensions of spheres in a liqpid, 
Einstein has calculated the relative viscosity to be 

^ ^ — 1 + 2 . 5 . ( 1 ) 

wheret^ ^ is the relative viscosity and 0 is the volume fraction 
of dispersed phase (12) . For high values of jZf, in cases where 
the dispersed phase is present in the form of uniform spheres, 
Roscoe gives' the expression (13) : 
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'^r = <1-3-5 ... (2) 

In Figure 2.4 we have shown the values of the relative visco- 
calculated using Eqn. (2) with v/ater as the dispersed 
phase and the surfactant solution as the continuous phase. The 
fact that the measured relative viscosities are significantly 
higher than the relative viscosities calculated using this 
expression would seem to indicate that the effective hydrodyna- 
mic volume of the water spheres is greater than the volume of 
water present alone. This difference could be ascribed to 
(a) the presence of the surfactant film at the water-cyclohexane 
interface; (b) the binding of solvent hydrocarbon to the surfac- 
tant hydrocarbon chains. Both of these factors will lead to 
increased effective volumes of the water spheres. The discre- 
pancy between the calculated and experimental relative viscosi- 
ties increases markedly at the phase transition point in the 4:1 
case, consistent with the spherical — lamellar (or cylindrical) 
shape change of the v/ater pools at higher concentrations of 
water. 

Another factor of importance in relative viscosity calcu- 
lations is the size of the dispersed phase droplets. It has 
been shown that at a given value of J2f, the relative viscosity 
increases as the particle radius decreases and also, the rela- 
tive viscosity increases with increasing attraction between the 
dispersed phase droplets (14— 16) . Since it is reasonable to 
esipect that both the size of the water pool and the nature of 
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the interfacial film, and hence interdroplet attraction, would 
change with increasing water content in our system, a complex 
interplay of these factors could be the reason for the large 
differences between the calculated and theoretical values of 
relative viscosity in these systems. 

4. Light Scattering Studies 

In Figs. 2.7 and 2.8 are shown the light scattering 
behaviour of the 3:2 and 4:1 Triton X-100 : pentanol mixture 
solutions in • 20%*w/v, as a function of added water. The 

parameters whose variation is shown are the ratio of light 
scattered at 90° to that at 0° (I^q/Iq) , and the dissymmetry 
ratio, that is the ratio of light scattered at 45° to that 
scattered at 135°. These parameters behave in a qualitatively 
similar fashion in the case of hexanol -Triton X-100 and octanol 
Triton X-100 also with appropriate shifts in the water concen- 
tration value at which discontinuities in these plots occur. 

Since in our system the concentration of water and sur-" 
f actants used is rather high, the light scattering parameters 
are bound to be affected by multiple scattering. Since the 
available theories of light scattering quantxtatively discuss 
only the light scattered by particles in dilute solution (17) , 
we can utilise light scattering as only a qualitative tool. 

It can be seen from Figs, 2 .7 and 2 .8, that the ratio 
Igo /Iq rises very slowly with increasing water concentration 
initially in both the 4: 1 and 352 cases. In the 3:2 case, this 
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yariation in light sGattered at 90 °(o~-q-o) and dissymmetry 
of 20% w/v solution in cyclohexane of Triton X 100 - 

pentanol (3 :2 w/wr Fig. 2.7; 4:1 w/w 
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Pig. 2.9 Variation of dissymmetry with the radius mf g 
of the' scatterinq particles for different shapes 
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disc— 11. }c© s tructuiTss . Sine© v/e have aliready inilecl out the 
presence of spherical scattering centres in this region on the 
basis of anisotropy and viscosity data, we conclude that the 
anisotropic region consists of disc— like v;a ter- surfactant struc— 
For such structures, the radius of gyration xi?ould be 
around 2000 A, as judged from the dissymmetry values. 

It should also be mentioned that in the anisotropic region 
of 4:1 Triton X— 100 : alcohol mixtures we found the reproducibi- 
lity of light scattering measurements to be rather low, with 
run to run variations of the order of 15% of the average. Such 
large variations may perhaps have their origin in the variable 
ordering of the lamellar structures in the anisotropic region 
with respect to each other, as already pointed out in the dis- 
cussion of their rheological properties. 

5 . Electron Microscopy 

Schulman and coworkers (19,20) had utilised negative stain- 
ing to obtain electron micrographs of some microemulsion systems 
before. Later, freeze etching has been utilised to look at 
liquid crystalline phases (9) . 

We have found that water-in-oil microemulsions can be 
investigated by positive staining. If the stain is included in 
the aqueous phase, it will be localised within the core of the 
microemulsion and liquid crystalline phases. In the case of 
Triton X-100 microemulsions, we can expect also the polyethylene 
oxide chain of the surfactant to be stained. Hence, if we 
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Fig. 2.10. Electron Micrograph of positively stained 
Triton X— 100 ~hexanol 4:1 system. 

water concn. = 8% v/v; magnification =50000. 



Fig. 2.11. Electron Micrograph of positively stained 
Triton X-100 -hexanol 4; 1 system. ^ 

water concn, = 13% v/v; magnification =100000. 



include the stain in the aqueous phase of, say, a spherical 
microemulsion, the electron micrograph will shov/ dark, electron 
impermeable circles on a white background. The background, (i.e. 
the bulk, organic phase) v/ill be electron transparent because 
the ionic stain will not dissolve or partition into the organic 
phase. The radius of the circle, in the above example, should 
correspond to the sum of the radius of the aqueous core plus the 
thickness of the polyoxyethylene shell. 

Such positively stained electron micrographs were obtained 
on a number of samples of the 4:1 and 3:2 Triton X-100 : hexanol 
samples between 1-16% v/v water content, G?wo such micrographs 
are presented in Figs. 2.10 and 2.11. 

Upto 3% v/v water content, no electron micrographs could 
be obtained due to poor contrast. Above this, in the spherical 
microemulsion region, micrographs similar to Fig. 2.10 were 
obtained. A study of these micrographs showed that the aqueous 
cores of the spherical microemulsions were not homogeneous in 
size, but had a vude distribution. As the water content 
increased, the size distribution shifted towards larger dimen- 
sions. At 4% v/v water concentration, for both the 3:2 and 4:1 
systems microemulsions cores in the range 100-150 S radius pre- 
dominate while at 8% water concentration, 200-330 X radius 
becomes common. 

In the 4:1 system at water concentrations corresponding 
to the lamellar phase, long thin lines are seen in the electron 
micrograph, as in Fig. 2.11* These correspond to cross-sections 
through the aqueous phase of the liquid crystals. The electron 
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micrographs show that the aqueous phase in the bilayer is contai-r 
ned .in thin lamellae circa 2000 £ long and about 50-70 X thick. 
There was no evident effect of changing water concentration on 
the dimensions of these needle like cross sections as long as 
the water concentration remained within the liquid cjrystalline 
range . 

These EM observations support the conclusions arrived at 
from other studies discussed so far. 

INTERFACIAL COMPOSITIO N 

In Fig. 2.12, we show a typical plot of the amount 
of alcohol needed to produce clear raicroemulsions from a 
mixture of a fixed amount of Triton X-100 and water and varying 
amounts of cyclohexane against the vol\ime of cyclohexane present. 

Since the alcohol can be present: (a) as a solution in 
dispersed water, (b) at the interface, and (c) in the cyclo- 
hexane continuous phase, we can write: 

Total alcohol = alcohol (H 2 O) + alcohol (interface) 

+ alcohol (cyclohexane). 

Hence, the intercept at the y-axis in Fig, 2.12 corresponds 
under the given conditions to alcohol at the interface (if we 
neglect the alcohol dissolved in water) while the slope of the 
line corresponds to the concentration of alcohol in the bulk 
phase. From these data the equilibrium constant for the process, 

alcohol (cyclohexane) alcohol (interface) 
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can be calculated and also the free energy to transfer of one 
mole of alcohol from the bulk phase to the interface. These 
values are tabulated in Table 2.1. 

It will be seen from Table 2.1 that the free energies of 
transfer to the interface of the alcohols are small and nega- 
tive. Their magnitude decreases with increasing chain-length 
for the three alcohols tested. It can be speculated that these 
differences in the magnitude of AG values for transfer to inter- 
face are essentially reflective of the entropy effects; the AH 
of transfer to interface of the three alcohols may not differ 
much, since transfer to the interface does not significantly 
change the hydrocarbon environment of the alkyl part of the 
alcohols while the head group that is transferred from the 
hydrocarbon to the aqueous phase is identical in the three 
alcohols. Then, from 

AG = A H - TA S , 

we infer that the change in entropy due to the transfer of the 
alcohol to the interface varies in the order pentanol> hexanol> 
octanol, which is the order intuitively expected if size dis- 
parity between the alcohol and the Triton X-100 alkyl chain is 
a major factor in causing the entropy change. Such a scheme, 
would also be consistent with Schulman's discussion of the role 
of the alcohol in the formation of the microemulsions, as 
already described in the Introduction (19) , 
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Another point of interest is that the alcohol ; surfactant 
ratio in the microemulsion interface is lower for Triton X-100 
in comparison with many other ionic surfactants (1/ 21) . This is 
probably due to the lower hydrophilicity of Triton X-100 in 
comparison with ionic surfactants like potassium oleate or 
sodium dodecyl sulfate. 

CONCLUSIONS 

In short/ the experimental results presented in this 
chapter have led us to the following conclusions: 

(1) Water uptake by Triton X-100 solutions in cyclohexane 
is enhanced by the addition of alcohols. 

(2) A 3:2 w/w mixture of Triton X-100 : alcohol mixture 
(20%, w/v) in cyclohexane solubilises respectively 8, 9 and 6% 
v/v of water when the alcohol is pentanol, hexanol or octanol 
into clear microemulsions. 

(3) A 4:1 w/w mixture of Triton X-100: alcohol mixture 
(20%/ w/v) in cyclohexane solubilises respectively 9/ 11 and 10% 
v/v of water into clear microemulsions and a further 4 , 6 and 

3% of water into a turbid liquid crystalline phase respectively 
when the alcohol is pentanol/ hexanol or octanol. 

(4) Optical anisotropy/ conductivity/ viscosity and light 
scattering measurements as a function of water concentration 
show that the clear microemulsions contain dispersed water in 
small spherical droplets which are surrounded by a surfactant 
interfaoial layer while the turbid phase contains large/ ordered 
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water- surfactant lamellae. The possible structures are shown 
schematically in Pig. 2.11. 

(5) Measurement of alcohol requirements for microemulsion 
production in this system shows that only a small fraction of 
the alcohol is present at the water-cyclohexane interface and 
also that the free energy of transfer of an alcohol molecule 
from the cyclohexane continuous phase to the interface is small 
and negative. 

(6) Based on the results of the studies reported in this 
chapter, we have chosen Triton X-100- alcohol (3:2 w/w) , 20% w/v 
in cyclohexane (sometimes referred to as the 3:2 system) and 
Triton X-100 - alcohol (4:1 w/w), 20% w/v in cyclohexane (some- 
times referred to as the 4:1 system) for further spectroscopic 
studies, the results of which are presented in the next chapter. 
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SPECTROSCOPIC STUDIES ON 
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In this chapter we present the results of a number of 
different spectral studies directed towards an elucidation of 
the molecular organisation of the Triton X— 100 — hexanol— cyclo- 
hexane-water microemulsion system. 

As pointed out in the Introduction, while simple reverse 
micelle systems have been extensively studied by spectroscopic 
techniques , the only microemulsion system studied in some detail 
so far is the potassium oleate-hexanol system. Since the bulk 
physical properties of the Triton X- 100 - alcohol system are very 
different from those of simple reverse micelles, we have utilised 
the various spectral techniques developed in connection with 
studies on the latter systems to compare the features of the 
two at the microstructural level. Vie believe that many of these 
techniques are being utilised on a mixed surfactant microemul- 
sion system for the first time and that many different such 
microemulsion systems will have to be studied by these tech- 
niques before generalisations can be made about the molecular 
organisation of microemulsions, especially in view of the micro- 
emulsion -swollen micellar solution controversy as documented 
earlier. 

EXPERIMENTAL 

The purification of the solvent cyclohexane, Triton X-100, 
alcohols and water were as mentioned earlier in Chapter II. The 
dyes used were purified by repeated recrystallisation and salts 
used were of the highest purity available. 8-Anilinonaphthalene 
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sulfonic acid/ a product of Sigma/ was converted to the magne- 
sium salt and recrystallised from water after charcoal treatment. 

The ESR spin probe used was synthesized according to Rozantsev 
and Neiman (l) . 


UV-Vis absorption spectra were run on a modified Toshniwal 

RL02 W-Vis spectrometer or a Cary-17D spectrometer. Near IR 

spectra were also run on a Cary— 17D spectromter. X values 

presented were reproducible to within +0.5 nm. Fluorescence 

spectra were run in a simple doxible monochromator fluorescence 

photometer assembled in the laboratory. Quantum yields were 

calculated according to standard methods (2). The \ values 

max 

obtained in the fluorescence spectra were accurate to +1 nm and 
quantum yields to +0.01. Fluorescence polarisation and depolari- 
sation of scattered light were measured in a suitably modified 
Brice Phoenix DM-2000 light scattering photometer. 


The pK of dyes were measured in aqueous solution by dis- 
3 . 

solving the dye in solutions of successively increasing pH and 
recording the visible spectra. From the spectra in very low and 
very high pH solutions/ the molar extinction coefficient and 
X of the dyes in the protonated and deprotonated forms were 

estimated. pK was calculated from the ratio of protonatdd and 

3 . , • ■ 

deprotonated forms at intermediate pH values according to 


^ depro tonated dye 

' ■■ ''' protonated dye 


and the average pK calculated. For estimation of pK^ of dyes 
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in the microemulsions/ a similar procedure was adopted. Here 
the pH of the water pool was taken to be the pH of the aqueous 
solution of dye that was added to the organic components of the 
system to form the microemulsion. pH, in these cases, was 
adjusted by cone. HCl or NaOH. 

All NI4R spectra were run on the Varian XL— 100 Nl'-'IR soectro— 
meter at the Regional Sophisticated Instrumentation Centre, IIT— 
Madras, while the relaxation time measurements were performed on 
a JEOL PX-100 FT-NMR spectrometer at the University of Hyderabad. 
The chemical shifts are expressed in § units with IMS as internal 
reference. The T^ measurements were carried out with D 2 ® 
external lock by the inversion recovery method under the control 
of the FX-lOO Autostacking program. 

All measurements reported v/ere carried out at 25 + 1°C. 

While many of the experiments were carried out with the 
three alcohols, pentanol, hexanol and octanol playing the role 
of the cosurf actant in the Triton X-100 - alcohol system, . the 
resxilts are presented essentially for the Triton X-100 - hexanol 
system. Qualitatively similar behaviour was obtained with the 
other two alcohols also and the overall interpretation of the 
results with hexanol as cosurfactant holds. 

RESULTS AND DISGUSSION 
A; Near IR Studie s 

One of the overtones of the basic vibrational frequencies 
of the bulk, normally hydrogen bonded liquid water occurs at 
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1.93 m in the near infrared region (3), Since this band is 
clearly separated from the many other vibrational modes of the 
water molecule, this band offers a convenient handle for the 
study of the state of water in reverse micelles and other 
similar systems (4) . 

The near infrared spectrum of Triton X-100 : hexanol (4:1, 
w/v;) 20% w/v in cyclohexane is presented in Fig. 3.1 for low 
amounts of added water. The spectrum shows an important feature 
in the form of a shoulder at 1-, 89M at the very low water con- 
centration of 0i2% (v/v) apart from the dominant 1, 93 M band. 

This shoulder weakens and vanishes into the trailing portion of 
the 1.93/^ band at higher water concentrations-. The 1. 93 M band 
can be identified as the same as the one seen in bulk water, 
while the band at 1.89 m Is not seen in normal bulk water. In 
light of this, the results of Fig. 3.1, can be interpreted as 
follows: water which is present in the water pools within the 
microemulsions in this system should be closer to bulk water 
while water that is distributed in the cyclohexane phase should 
be somewhat dissimilar. Hence, we can assign the 1. 93 m l>3-nd to 
the water in pools and the 1.89 M shoulder to water distributed 
in the bulk cyclohexane phase. The relative intensities of the 
1. 93 M band and 1. 89M shoulder,, judged from ejg^anded plots, 
should correspond to the ratio of water in the water pools to 
water in the cyclohexane phase. From this it is estimated that 
not more than 0 . 02 % (v/v) of water enters the bulk cyclohexane 
phase at any water concentration in the microemulsion system. 
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Fig. 3.1 Near IR spectra of 4 ; 1 system at different 
water concentrations. 

(a) 0.2% v/v 

(b) 0.4% v/v 

(c) 0.6% v/v 

(d) 0.8% v/v 
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This means that at water concentrations of 1% and above the 
fraction of water that is distributed in the cyclohexane phase 
can be neglected and all the v/ater treated as being present in 
the water pools. This is an important result, useful for the 
interpretation of other spectral studies. 

These lov/ values for the concentration of v/ater in the 
bulk phase are similar to the values obtained for dodecvlammo— 
niumpropionate reverse micelles in benzene (4) and much lower 
than the 2.8% v/v obtained for the potassium oleate-hexanol - 
hexadecane system (5). These differences are probably due to 
the presence of different concentrations of surfactant and co- 
surfactant in the bulk phase. 

The Triton X-iOO ; hexanol (3:2) system also showed similar 
results on near IR investigation. 

B. C 0 CI 2 Absorption Studies 

The divalent cobalt cation shows spectral characteristics 
which are very sensitive to its degree of coordination (6), While 
the octahedrally coordinated Co(H 20 )g^ absorbs weakly around 
520 nm in the visible, tetrahedral ly coordinated cobalt shows a 
much more intense, red shifted absorption band around. 670 nm. 
Hence, if Co^"'' is introduced into a water pool, depending on its 
degree of hydration, its spectral characteristics will change. 
This property has been utilised by Wells to probe lecithin (7) 
reverse micelles and we have utilised the ^ame for studying the 
state of water in the Triton X-100 - hexanol system. 
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Figure 3,2 shows the absorption spectrum of C 0 CI 2 inclu- 
ded in the Triton X-100 -hexanol (4:1) system at a low xi?ater 
concentration, while Fig. 3.3 shows the molar extinction co- 
efficient at 665 nm of cobalt in the 4:1 and 3:2 systems as a 
function of water concentration. 

It is evident from Fig, 3,2 that at such low water con- 
centrations, a sizable part of Co'^ in the system is present in 
the form of a tetrahedrally coordinated species, i.e., they 
lose at least two molecules of water from their norrmal octahe- 
dral sphere of hydration. Given that the water to cobalt ratio 
is at least 50:1 at these concentrations, there can be two 
reasons for the deprival of water: (1) removal of water to the 
cyclohexane phase, (2) the binding, competitively, of water by 
the surfactant head groups. As the NIR results have been used 
to show that the amount of water present in the cyclohexane 
phase is very small, surfactant head group binding to the avai- 
lable water must be the major reason. Hence any decrease in the 
■^665 cobalt ion is indicative of the presence of free water 
and as can be seen from Fig. 3,3, the amount of free v/ater 
slowly increases with the total water content of the system so 

2 + 

that at about 2% v/v water concentration in the system, all Co 
is present in the octahedral ly hydrated form. 

From this we can conclude that water present within the 
Triton X- 10 G -hexanol microemulsion water pools is partly bound 
to the surfactant head groups, with the fraGtion of bound water 
decreasing from an initial high value on further additions of 
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Fig. 3.3 Variation of Molar Extinction Coefficient at 665nr 
of CoG !2 as a function of water concentration in 
the microemulsion systems. 
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water. These results are formally similar to those obtained 
by Wells on lecithin reverse micelles, and indicate that the 
initial water (upto 2 %) solubilized in the Triton X-100 -hexanol 
microemulsions is bound to the surfactant and qualitatively 
different from bulk liquid water (7) . It is also evident from 
Fig. 3.3 that the fraction of bound water is higher in the 4:1 
system tlian the 3:2 system at any given vrater concentration, 
consistent with the higher concentration of ethylene oxide 
residues in the 4:1 system. 


C. Acidity of Water Pools 

Through a study of the absorption spectra of dyes incor- 
porated into the water pools, it has been shown before that 
Igepol CO-5 30 reverse micelles containing small amounts of solu- 
bilised water show a basic environment to the solubilised dyes, 
while water solubilised in dodecylarnrnonium propionate reverse 
micelles is similar to bulk water in its acidity characteris- 
tics (8) . 

We have tested the Triton X-lOO -hexanol 4:1 and 3:2 
systems for their acidity characteristics by following the 
absorption spectra of dyes solubilised into the microcmulsion 

as aqueous solutions at different pH values. Thimiol blue, 

methyl orange and malachite green, so tested, showed pK^ values 
in thfi Triton X— 100 —hexanol systems witnin tO . 2 pH units of 
•their bulk water pK values of •1.65, 3.4 and 2.3 respeetively. 
This was true of a range of different total water concentrations 
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from 0.5 to v/v. This shows that in its acidity characte- 
ristics, water solubilised into Triton X-100 ^ hexanol micro- 
emulsions is not significantly different from bulk water. 

On the other hand, p-nitrophenol was found to have a pK^ 
of above 11.0 at all water concentrations tested in these 
systems. This result is akin to the behaviour of p-nitrophenol 
in the Aerosol OT-heptane water reverse micellar system ( 9 ) . But 

unlike the Aerosol OT system, where imidazole shifted the pK of 

3 . 

a part of nitrophenol to its normal value of 7.14, imidazole had 
no effect on pK^ of p-nitrophenol in the present system. This 
would seem to suggest that the apparent pK^ shift of p-nitro- 
phenol is probably due to its partitioning into the hydrocarbon 
phase in presence of the surfactants in preference to the aqueous 
phase, 

D. Polarity Probe Studies 

The environmental polarity of the solubilized water inside 
reverse micelles has been monitored, utilising the solvent sensi- 
tive bands of pyridine 1-oxide (10), l-ethyl-4-carbomethoxy- 
pyridinium iodide (11), Vitarrun 82^2 (12), hemin (13) etc. It 
has generally been found that polarity of water is very low at 
low water concentrations and increases to higher values at 
higher concentrations in these reverse micelle systems ; ( 8 ) . 

Since these organic probes are large and also likely to be 
oriented at the interface, it is possible that they do not 

report the unperturbed solvent polarity of the entire water- 
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pool. A small, ionic, inorganic probe can be expected to diss- 
olve in the complete water pool and report the average polarity 
of the entire water pool . 

To this end, we have utilised the nitrate ion as a polarity 
probe. The nitrate ion has an n--n-'- band at around 300 nm which 
is quite sensitive to the solvent used. The solvent sensiti- 
vity of this band seems to arise from the differences in H-bond- 
ing ability of the ground and excited states of the oxygen 
electrons and hence the solvent shift is a measure of the hydrogen 
bonding ability of the solvent (14). Figure 3.4 shovjs the 
variation in \ of the n-ir* band of nitrate ion in 3:2 and 4:1 
systems as a function of water concentration. i\ of NO- 5 ~ion, 
for comparison, is 309.0 nm .in CHCl^ and 301,5 nm in H 2 O) . At 
low (circa 1% v/v) water concentrations, the nitrate n-ir* band 
appears around 306.5 nm, indicating a much lower strength of 
interaction between the pool v/atar and the ion, the strength of 
interaction being more similar to alcohol-nitrate interaction 
than to simple water-nitrate interaction. As the water concen- 
tration increases, the nitrate-water interaction increases in 
strength, blue shifting the band to its normal value of around 
301.5 nm seen in bulk water. Since at all times, the H 2 O to 

NO~ ratio is at least 50 to 1, it is clear that the weakened 

,3 . 

solvent ion interaction is indicative of a lower effective pola- 
rity of the water pool, in comparison with bulk water. 

E, Fluorescence Probe Studies 

The use of fluorescent probes for the study of supramole- 

cular and molecular organisation is very well established. 
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8-Anxlinonaphthalene sulfonic acid (ANSA) is one of the exten- 
sively used fluorescence probes. The quantum yield of fluore- 
scence and emission maxima of ANSA have been found to be well 
correlated with Kosov/er solvent polarity index, Z (15,16). The 
more polar the solvent, the lower the fluorescence quantum yield 
and more red shifted the fluorescence emission maxim\im of ANSA. 
Such behaviour has been rationalised in terms of the availability 
of both an excited singlet state and an excited charge transfer 
state to ANSA, Besides changes in solvent polarity, a second 
mechanism that leads to an increase in the quantTom yield and a 
blue shift of the emission spectrum consists of factors which 
prevent the solvent dipole from reorienting itself about the 
excited state of the ANSA molecule i.e, any factor that increases 
the solvent viscosity (17) . 

Figure 3 .5 shows the variation in the fluorescence emiss- 
ion maximum of ANSA dissolved in the 3:2 and 4:1 systems with 
increasing water concentration. '^®)^inax are shown only 

upto about 1 % v/v water concentration, since the extreme broaden- 
ing of the emission band makes the fixing of values inaccu- 

rate above this composition. However, in both cases it can be 
seen that the X red shifts upon addition of water, thereby 
suggesting that the polarity of the water pools in which the ANSA 
molecules are localised increases with increasing concentration 
of water. The initially large shifts suggest that at lower con- 
centrations lower than 3% v/v, the polarity of the water pool as 
a whole is significantly lower than that of bulk water, a result 
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m consonance with the nitrate ion studies described before. 

Figure 3.6 shows the variation in fluorescence quantum 
yield of ANSA in 3:2 and 4:1 systems as a function of vjater 
concentration. It can be seen from Fig. 3.6 that the quantxim 
yield of ANSA falls from a value of about 0.40 (corresponding 
in Z values to about 90% dioxane) to about 0,10 (corresponding 
to 60% dioxane) as the water concentration increases from 0 to 
4% v/v. From this it would seem that at lower than 4% v/v 
water concentrations/ the polarity of the water pool environ- 
ment is significantly lower than that of bulk water. The quantum 
yield of ANSA in the 3:2 system decreases somewhat faster than 
in the 4:1 system, presumably because of the higher concentra- 
tion of the ethylene oxide residues in the latter. Even at 9% v/v 
concentration of water, the quantum yield of ANSA is about 0.04, 
much higher than the normal quantum yield of ANSA in water of 
about 0.003. This would seem to suggest that the water pool 
environment that is monitored by the ANSA molecule is an intimate 
mixture of head group ethylene oxide residues and water partly 
bound to the ethylene oxide residues. This would lead to a 
lower effective polarity for the water pool environment, a situa- 
tion somewhat similar to a highly concentrated solution of poly- 
ethylene oxide in water. Thus the fluorescence emission maximum 
and quantum yield values report trends similar to the nitrate 
probe with respect to the polarity of the ^^rater pools in the 
microemulsion systems. 

However, in the 4:1 system, , beyond 10% water CGncentration, 
ths cjii 3 .ntt yislcL of ths f luoirsscsncB px*oli )0 st 03 .cii.ly* 





89 


Since it is difficult to visualise any mechanism by which the 
water pool becomes less polar ^■vrith increasing water concentra- 
tion, this increase can be attributed to the higher microvisco- 
sity of the 4:1 system in this region, due to the formation of 
the liguid crystalline phase as discussed earlier, which effec- 
tively freezes the solvent dipoles and prevents their reorien- 
tation about the excited state ANSA molecules ill). 

We also measured the steady state fluorescence depolari- 
sation values of ANSA in these systems between water concentra- 
tion of 1% to the phase separation point. The degree of polari- 
sation was nearly zero (less than 0.05) at all water concentra- 
tions studied. In the spherical microemulsion region of upto 
9% water this result can perhaps be rationalised in terms of a 
fluid water pool and interface, but in the liquid crystalline 
region we could expect high microviscosities and hence a signi- 
ficant degree of polarisation. We believe that the surprisingly 
low degree of polarisation is due to an experimental artifact 
arising out of multiple scattering and consequent depolarisation 
of the fluorescent emission by the liquid crystalline lamellae 
present in the system. To test this, we measured the depolari- 
sation of scattered light by the 4:1 system at different water 
concentrations with vertically polarised incident radiation of 
wavelength 436 nm. It was found that light polarised through 
90° is almost completely polarised upto 8% water conGentration, 
and then the degree of polarisation falls steeply at the phase 
transition to the liquid crystalline phase, where it is 
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completely depolarised. This observation makes such an explana- 
tion of the steady state fluorescence polarisation results a 
tenable one. 

Wong and coworkers (18) have studied Aerosol OT reverse 
micelles by ANSA fluorescence intensity and depolarisation of 
fluorescence. They found that the polarity of the water pool 
slowly increases and the rigidity of the water pool slowly 
decreases with increasing water concentration. It would seem 
that the Triton X-iOO - hexanol microemulsions, at low water con- 
centrations are much more fluid than the Aerosol OT reverse 
micelles. 

F. Magnetic Resonance Studies 

In order to develop an understanding of the molecular 
organisation of the surfactant and water molecules in our micro- 
emulsion system, we have carried out Nuclear Magnetic Resonance 
(NMR) and Electron Spin Resonance (ESR) studies on these systems. 

Figure 3.7 shows the variation in the NMR chemical shifts 
of the -OH and -CH 2 CH 2 O- protons of the 3:2 system as a function 
of added water concentration . As the water concentration 
increases from 0 to 1 % y/v, the chemical shift of the ethylene 
oxide residues changes from about 3.88 S to 3.93 and then, more 
slowly to around 4. 00 5 as the : water concentration increases to 
9?4 v/v. This change in the chemical shift can be interpreted 
as follows: Initially, in the absence of water, the Triton X- 100 
molecules are present as a true solution, in contact with t^^^ 
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cyclohexane solvent. On the addition of water, hexanol and 
Triton X-100 molecules come together to form microemulsions and 
the ethylene oxide headgroup is slovrly removed from contact 
with cyclohexane and moved into the more polar aqueous environ- 
ment, leading to solvent shifts in the ethylene oxide residue 
resonance. These results are similar to those obtained with 
Tween 80 reverse micelles in xylene by Gentile ^ aJL. (19). 

The interpretation of the changes in the chemical shift 
of the -OH protons is complicated by the presence of the -OH 
protons on hexanol and the terminal -OH of Triton X-lOO other 
than the water protons. The presence of a single signal for all 
these protons suggests that there is fast proton exchange 
between -OH of hexanol, -OH of Triton X-100 and water, as well 
as fast exchange between the hexanol at the interface and that 
dissolved in the continuous phase, cyclohexane. The chemical 
shift of the -OH protons will be affected by the following 
factors; (a) The ratio of the alcohol and Triton X-100 protons 
to water protons; (b) Changes in the H-bonding state and conse- 
quently the chemical shift of the alcohol proton and (c) Changes 
in the chemical environment of the water molecule i.e., the 
ratio of water bound to the surfactant versu s free, bulk water. 
As there are significant changes in the position of the -OH 
signal even above a water concentration of 1% v/v, where water 
protons predominate, we can say that the first factor is not the 
most important one. Similarly, as it has been shown through 
titration e 3 <periments detailed in the previous chapter that only 
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a small fraction of hexanol molecules are present in the inter 
face facto r-b can not be the predominant one. But it will mak 
a contribution to the overall dov/nfield shift, as we can expec 
the alcohol-OH in the interface to be downshifted as the H-bonc 
ing with water increases (20) . Hence, we conclude that most oJ 
the downfield shift in the OH signal is due to changes in the ; 
chemical environment of the water molecule. This can be rati of 
alised as follows: in the low vrater concentration region, a 
sizable fraction of water will be bound by ethylene oxide i 

residues. As the water concentration increases free water 
pools are formed, with an increase in the average level of H- 
bonding of water due to wa te r- wa ter H- bonds, leading to the | 
downshift in the -OH resonance. These two factors, together, i 
account for the observed shift of the -OH signal from its ■ | 

initial high value of 4.2 5^0 the normal bulk water value of 
around 5.0 <5 as the concentration of added water increases from | 
0.25 to 9% v/v. 

Figure, 3 .8 shows -bhe variation of the chemical shift 
values of the -OH and -CH2CH20~ signals in the 4:1 system as a 
function of added water concentration. In the initial, 0-9% v/ 
v/ater concentration region, the behaviour of the 4: 1 system is 
similar to the 3:2 system and the same explanations are valid. 
One interesting observation is that at the phase transition to 
the liquid crystalline system at above 10% v/v water concentra- 
tion, the water and ethylene oxide resonances do not show any 
significant changes. This leads one to the conclusion that the 
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the core of the microeraulsion water pool. Let us call this 
fraction f^. These two fractions will have two different spin 
lattice relaxation times and T^g. Under conditions of fast 
exchange (21) ; 


1 

’^1 (OBS) 



... ( 1 ) 


If we assume that and T^^ are approximately constant ! 

in the linear range of water concentrations, we can calculate ; 

'^lA '^IB known. V/e have assumed that T^^ is ; 

equal to the intercept of the vers us water concentration i 

GUirve extrapolated to zero water concentration. This value 
turns out to be 0.5 sec. for the 3:2 system and 0.45 sec. for the ; 
4:1 system, T^g is set equal to the T^ of bulk water, 3.6 sec. 
(22), The value of f^ thus calculated, after adjustment for the I 
hydroxylic protons of Triton X-100 and hexanol, give the amount | 
of water immobilised, or, in other words, bound to the Triton 
X-100 : ethylene oxide residues. These values are shown, as a ; 
function of water concentration in Fig. 3 .10. 

Figure 3.10 shows that the hydration of the ethylene 
oxide residues increases slov/ly for both the 3:2 and the 4:1 
system with water concentration in the microemulsion region. The 
degree of hydration, expressed as a ratio of moles of v/ater bound/ . 
mole of ethylene oxide reaches a maximum of 0,55, where it levels 
out (corresponding range in f^ varies from 0.82 at 1% water con- 
centration to about 0.3 at 7% water concentration) . This value 
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is significantly different from the estimates of hydration of 
aqueous micelles of polyoxyethylene surfactants through ESR (23) 
of 1 mole H 20 /mole ethylene oxide and the much higher values 
obtained through light scattering (24,25). The present estimate 
is somev/hat closer to the estimate of hydration of a similar 
surfactant in reverse micelles in cyclohexane, the value being 
about 0,66, arrived at through a study of water quenching of the 
surfactant fluorescence (8). 

Hansen has utilised a similar method to analyse the M'-IR 
data on D 2 O solubilised in potassium oleate-hexanol microemul- 
sions (26). He showed that a monomolecular film of D 2 O at the 
interface is immobilised through binding to surfactant in that 
system. Wells (7) found that six moles of water per mole of 
lipid were immobilised at the interface in lecithin reverse 
micelles in ether. 

Complementary to the above discussion, the T^ values of 
the hydroxylic protons can also be Interpreted in terms of micro- 
viscosity values. Such a discussion of the T^ values is given 
below: 


For any small molecule, the relaxation time can be 
considered to be the result of a combination of intermolecular 
and intramolecular relaxation effects, each of which can be 
theoretically evaluated. The relevant equations, as developed 
by Bloembergen, Purcell and Pound (27) are: 
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1 intra 


3 

10 " , ^ 


b 


r. 




4 ”^ ■ 

+ 4Wrt'_^ 


... ( 2 ) 
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^3 <p T ♦ • ♦ v^/ 

1 1 inter 1 intra 


for the water molecule v/here T. . . and T, . ^ are the 

1 intra 1 inter 

intramolecular and intermolecular parts of the dipolar mode of 
relaxation, Y is the gyromagnetic ratio, b is the proton-proton 
distance in the v/ater molecule, Y' is the rotational correlation 
time, , the resonance frequency of the water molecule, >| , the 
microviscosity and N^, the volume concentration of spins. Combin 
ing the value of so obtained with the Debye equation. 


= 4ir‘>XaV3 kT 


(5) 


where a is the radius of the molecule approximated to a sphere, 
we can estimate"!^, the microviscosity of the v/ater molecules 
whose is known. Such a calculation has been carried out for 
the hydroxyl values in two ways; (a) under the simplifying 
assxmption that the intramolecular relaxation mode alone is 
dominant, from, Eqns. 2 5, and (b) under the assumption that 

both intra- and intermolecular relaxation mechanisms are opera- 
tive, from Eqns. 2, 3, 4 and 5. The results of these calcula- 
tions are listed in Table 3.1. 

Table 3,1 shows that the microviscosity of water in 
these systems is initially high and falls with further additions 
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TABLE 3.1 


System and 

water added 

in % (v/v) 

according to 
^ —in 

Eqn. (2) , 10 S 

7^ from 7^ 
according to 
Eqn. (2) (CP) 

■>1 according to 
Eqn. (4) (CP) 

3:2 System 

1 

0.29 

7.4 

4.2 

3 

0.23 

. 6.7 

3.3 

, 5 

0.19 

5.9 

2.8 

7 

0. 16 

4.0 

• 2.3 

4: 1 System 

1 

0.39 

9.7 

5.5 

3 

0.31 

7.7 

4.4 

5 

0.26 

6m 6 

3.8 

7 

0.19 

4.8 

2.7 

9 

0.18 

4.4 

2.5 

12 

0.23 

5.9 

3.4 

15 

0.22 

5.5 

3.1 ' 

Constants used 

: to = 1.58 X 10"® 

cm; a = 1.5 x 10 

-8 

cm; 


N =6.75 X 10^^. 
o 
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of water. In the 4:1 system, at the phase transition from the 
microemulsion to liquid crystalline phase, the microviscosity of 
the water molecules increases abruptly. Nevertheless, the esti- 
mated microviscosity of the vjater environment is significantly 
less than the bulk viscosity of the liquid crystalline phase, 
earlier presented in Chapter II. 

It must be stressed again here that the above discussion 
is only a description in different words of the bound water - 
free water analysis presented before. Bound water has a lower 
mobility than free water and consequently, in this interpretation 
shows a higher microviscosity. Hence, the higher the fraction of 
bound water, higher the microviscosity estimated. 

The ethylene oxide proton values, as seen from Pig. 3.9, 
fall considerably during the initial addition of water, then are 
more or less steady through the clear microemulsion region, and, 
in the 4:1 system, well into the liquid crystalline region. This 
would suggest that the fluidity of the ethylene oxide residues 
reduces significantly during the initial hydration and interface 
formation, but does not change mucfi after that, even at the phase 
transition to the liquid crystalline region. The phase transi- 
tion would seem, to affect the fluidity of the water m.olecules at 

I , 

the microemulsion interior rather more than that of the interface. 

During a past study of aqueous Triton X- 100 micelles at 
220 MHz, it was found that the signals from different residues 
in the polyoxyethylene chain could be partly resolved and the^^^ ^ 
corresponding different T^ values estimated (28). In our studies 
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on these microemiilsions at 100 MHs, we did not achieve any such 
separation and the values are averages for the entire ethylene 
oxide chain. 

The spin-spin relaxation times^ T 2 , are presented in 
Fig. 3 .11 for the -OH and -CH 2 -CH 2 -O- protons in the 3:2 and 
4:1 systems as a function of water concentration. The changes 
in T 2 values roughly parallel the changes in T^ values with the 
following major differences: (a) The magnitude of the T 2 values 
are of an order of magnitude lower than the T^ values. This 
difference would seem to indicate the presence of other modes 
of relaxation in addition to the intramolecular dipole-dipole 
interaction. In the case of hydroxylic protons, the difference 
in T^ and T 2 values may be contributed to by the exchange of 
protons between the alcohol and water sites. In the case of the 
ethylene oxide protons, the could be due to 

diffusional changes in the orientation of the surfactant at the 
interface, a process that has been shown to affect T^ and T 2 
values differently (29) . (b) The second difference is that in 

the case of the 4:1 system, the T 2 values start decreasing at 
around 8 % v/v water concentration, even though the transition . 
from clear microemulsion to liquid crystalline phase occurs only 
after 11% water concentration. This suggests that some of the 
molecular organisational rearrangements necessary for the phase 
transition precede the transition itself. 

The signals from the alkyl group of the surfactants could 
not be isolated and analysed clearly because of overlap between 



T 2 X 10 sec 



Fig. 3.11 Variation of T 2 with amount of added water. 
- OH proton s . : - CH 2 C H 2 O- protons 

3:2 System a 3:2 System 

4:1 System a 4 : 1 System 


o 
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the Triton X-ioo octyl group and the hexanol signals. Also, no 
attempts was made to study in detail the weak but well resolved 
signals from the four aromatic protons of Triton X-100. 

Wong et ad. (30) in an NMR study of Aerosol OT reverse 
micelles found the spin-lattice relaxation time of the solubi- 
lised water molecules to increase v/ith increasing vjater concen- 
tration, Six molecules of water were bound by each sodium ion 
present in the surfactant. Until the hydration of the sodium 
ions was complete, the rigidity of the water pool v/as very high. 
The qualitative changes occurring in the -OH T^ values in the 
Triton X-100 -hexanol microemulsions are similar to the Aerosol 
OT system. However, the values in the Triton X-100 system 

are not as short as found in the Aerosol OT system at comparable 
water concentrations. This is probably due to the absence of 
ion-ion and ion-dipole attractive forces in the Triton X- 100 - 
hexanol system. 

In Fig. 3.12 is presented the variation in of the ESR 
spin probe used ( (2 , 4-dini trophenyl) hydrazone of 1, 2, 2 ', 2 * -tetra- 
methylpiperidin-4-one N-oxide, Structure III. 1) as a function -of 
added water concentration in the 3:2 and 4:1 systems: 



Structure III.l 


The Ob' values were calculated from the ESR spectra of the 
i-c 

above probe at very low concentration in the 3:2 and 4:1 systems 
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at different water concentrations according to Eqn, (6) (31) : 

l] ... (6) 

(m=-l) " 




A. Ah 


(m=-!-l) 


where A is the peak to peak width in gauss of the lovj 

field absorption line, and 1 are the peak to peak 

heights for the low and high field lines respectively of the 
differential ESR spectrum. A is a constant whose value was set 
equal to 6,6 x 10 (31). 

The other factor that needs to be considered is the posi- 
tion of the ESR probe within the system. That the probe is 
within the water pool or interface and not in the continuous 
phase seems likely from the wayt”^ changes in a fashion not 
directly related to the bulk viscosity of the system. To further 
localise the probe within the system, we have measured theXj^^ 
of the longest wavelength absorption band of the probe at diffe- 
rent water concentrations in our systems. This band is highly 
sensitive to the solvent polarity, , for example, being 

372 nm in water and 343 nm in dodecane (23). The of the 

ESR probe in both the 3:2 and 4:1 systems varied between 357 to 
360 nm with increasing water concentration. This would corres- 
pond to a slightly less polar environment than pure ethylene 
glycol dimethylether (23) and this suggests that the probe is 
•positioned close to the phenyl ether end of the ethylene oxide 
chain. This is the only position in the entire system consistent 
With the estimated polarity of the environment of the spin probe. 
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Figure 3.1 shows that the microviscosity felt by the 
phenyl ether end. of the ethylene oxide chain rises to a maximxim, 
falls to an intermediate value and rises again as water concen- 
tration increases. It is roughly estimated that a change in 
of this probe from 1 xlo"^°S to 3xl0"^°S corresponds to a 
microviscosity change from 1,6 CP to about 4.8 CP by a comparison 
of values of this probe in different solvents. 

It must be noted that in the same range of vrater concen- 
trations, the NMR data discussed earlier shovj- that, on the 
average, the fluidity of the entire o;<yethylene chain conti- 
nuously decreases with increasing water concentration. This, 
when combined with the ESR data on the fluidity of the ether end 
of the polyoxyethylene chain, leads us to a speculative picture 
of the steps involved in the microemulsion formation which is 
presented below: 

In the absence of water, the surfactant molecules are 
present as a true solution in cyclohexane solvent. This leads 
to the high mobility of the entire polyoxyethylene chain in the 
absence of water, as seen by NMR. 

In the next stage, on addition of small amounts of water 
(i.e. upto 1% v/v) , the surfactant and cosurfactant come together 
to form microemulsions in which the free ends of the ethylene 
oxide chains are interconnected through H-bonded water molecules. 
This leads to restriction on the whole polyoxyethylene chain 
mobility through random entanglement and both NMR and ESR show 
fluidity decrease. 
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Subsequent to this, on further addition of water, a free 
water pool is formed at the core of the v/ater pool, leading to 
an expansion of the interfacial area. This makes the fluidity 
of the ether end of the ethylene oxide chain increase. Conse- 
quently^^ of the spin probe decreases giving rise to the first 
maximum in the ESR microviscosity plot. Still the average flui- 
dity of the entire ethylene oxide chain is low, because a higher 
number of H-bonds are forming in the free end of the ethylene 
oxide chain. 

In the last stage, H-bonded water bridges are formed 
closer to the ether end of the ethylene oxide chain also, lead- 
ing to the microviscosity increase reported by the ESR probe.. 

The above steps are schematically depicted in Scheme III.l. 

In conclusion, we have presented the results of extensive 
spectroscopic characterisation of the Triton X-100 - hexanol 
microemulsion system in this chapter. Many spectroscopic tech- 
niques developed in connection with investigations into reverse 
micelles have been utilised to produce similar data on our non- 
ionic microemulsion system. 

The results show that the polarity of the water pool in 
Triton X-100 ^ microemulsions is much lower than tliat of bulk 
water. The difference in polarity between the water pool and 
bulk water, as monitored by ANSA fluorescence maximxim, quantum 
yield and nitrate absorption maximum, decreases with increasing 
water concentration in these systems. Investigation of the extent 
of ionisation of dyes in microemulsion wateirpools shows that 



SCHEME III . 1 

wvw Triton X 100 
— • Hexanol 



No water; free solution of surfactant . 
High average mobility for entire i^oly- 
oxyethylene group (long i short 
spin probe Tc ) . 



Low water concentration; microcmulsion : 
with entangled polyoxyethylene groupj 
Mobility of Polyoxyethylene deceases 
(lower T|)j mobility of ether end 

decreases (longer spin probe Tc ). : 

1 

I 

Higher water concentration) microemulsiorj 
with water pool at core. Free end of 
Polyox yetiylcne immobilised by water throt 
H-bonded bridges, but mobility of ether e| 
increases (decreasing spin probe Tc ) 

■ ■ ■ I 

due to interfacial area increase. | 


Higher water concentration, water bridge! 
extend to ether end of Polyoxyethylene 
chain, reducing mobility (increasing spin 
probe Tc ). Water fluidity inccases due ! 

■ " 'i; 

to increasing free water fraction . 


Ill 


the microemulsion water pools are similar to bulk water in 
acidity characteristics. C 0 CI 2 absorption data show that a 
significant fraction of water, in water pools is bound to the 
surfactants. NMR and ESR investigations have been utilised to 
estimate the extent of bound water and microviscosity of the 
water pools as well as to develop a speculative picture of the 
stages involved in microemulsion formation and expansion. 

The nature of the results summarised in this chapter show 
that even though the physical properties like size, aggregation 
number, total amount of water taken up etc. are very different 
for these microemulsion systems from the earlier studied reverse 
micelles, the basic molecular organisation seems to be qualita- 
tively similar in these two cases. However, it would seem that 
both the water pool and surfactant sheath of the Triton X-100 - 
hexanol microemulsions are somewhat more fluid than the ionic 
reverse micellar systems which have been studied before. 
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CHAPTER IV" 


STUDIES ON SOLUBILISED 
PROTEINS IN MICROEMULSIONS 

i 


*A paper based on the work described in this chapter has been 
communicated for publication: 

, (Manuscript submitted) 


C, Kumar and D. Balasubramanian, Nature 
1979. 



115 


Water is the basic medium in which most biochemical 
processes occur. Even such processes as are said to occur at 
membrane sites more commonly occur at the vrater— membrane inter- 
faces rather than deep within the membranes, out of contact 
with water. 

Evolutionarily, enzymes, the natural catalysts of bio- 
chemical processes, have developed so as to exhibit maximal 
catalytic activity in aqueous environments. Most enzymes poss- 
ess flexible conforma'tions which may undergo drastic changes 
depending on the environment in which they are placed. Only a 
very small subset of these many possible conformations possess 
significant catalytic properties. Normally, water is essential 
for the stabilisation of the active conformation of the enzymes. 
Changing the solvent from water to some other liquid affects the 
conformation of enzymes by altering the many forces responsible 
for maintaining their structure, namely; a) hydrophobic inter- 
actions, b) solvent-solute dipole-dipole and ion-dipole interact- 
ions and c) the effect of the changes in the solvent dielectric 
constant upon the dipole-dipole and ion-dipole interactions 
between different parts of the solute molecules. 

In the light of the above, it would be rather surprising 
if it is found that enzymes can be solubilised into solvents 
that are vastly different from water with significant retention 
of their catalytic properties and activity. Hence study of the 
conformation and activity of enzymes in non-polar solvents 
has elicited much interest in recent years. 
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One approach towards the solubilisation of normally water 
soluble proteins into nonpolar organic media has been to 
utilise surfactants to extract the enzyme from an aqueous solu- 
tion into an organic phase. 

Das and Crane (1) found that cytochrome can be extracted 
from aqueous solutions into isooctane in presence of ethanol 
and beef heart phospholipids. This was explained in terms of 
the formation of a protein lipid complex v/hich was isooctane 
soluble. It was suggested that the complex formation was due 
to electrostatic interaction of the protein with the lipid. The 
presence of polyvalent ions in the aqueous phase prevented 
complex formation and consequently the extraction of the protein 
into the organic phase. Such direct complex formation betv/een 
protein and lipids and other surfactants has been studied more 
extensively in recent years in the context of protein- lipid 
interactions in biomembranes and it has been shown that such 
complexes are sometimes soluble in organic solvents. For example^ 
Nemat-Gorgani and Dodd (2) have shovm that glutamate dehydro- 
genase-phospholipid complexes are soluble in isooctane. Dodd 
and coworkers (3) have also reported that trypsin-phospholipid 
complexes/ formed in an aqueous buffer, can be extracted into 
isooctane. The isooctane solution of the protein-lipid complex- 
es was found to be clear and showed a normal trypsin spectrum. 

The enzyme could be re-extracted into aqueous buffer with good 
retention of enzyme activity. Tirypsin in isooctane was more 
stable towards thermal denaturation than trypsin in aqueous 
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buffer. It was also found that many other basic enzymes could 
also be extracted into isooctane as complexes v;ith phospholipids. 

In a similar vein Luigi-Luisi and coworkers (4) have shown 
that trioctylmethylamrnonium chloride, a cyclohexane soluble, 
water insoluble surfactant, can extract tryptophane and its 
derivatives from aqueous solutions into cyclohexane. A study 
of the CD, UV and fluorescence spectra of these compounds in 
the cyclohexane phase suggests the presence of strong electro- 
static 'interaction between the tryptophane indole moiety and 
the cationic surfactant. They later showed that a -chymotryp- 
sin, contained in aqueous solution at pH 9.5 could also be 
extracted into cyclohexane by the same surfactant (5,6). UV and 
CD spectra of the protein in the cyclohexane phase suggested 
that the protein retained its native conformation. 

In a later study, Luisi and coworkers (7) explored the 
conditions and efficiency of phase transfer to cyclohexane from 
water of a number of proteins and small peptides. The phase 
transfer efficiency was found to correlate well with the pK^ of 
small peptides, but not with the pl of proteins. This was 
interpreted to mean -that small molecules are extracted into 
cyclohexane as electrostatic complexes with the surfactant, 
while for proteins the situation is more complex. These authors 
have suggested that the surfactant forms reverse micelles in 
cyclohexane in whose polar core are included the extracted 
protein along with some water. 



118 


The studies so far listed suffer from two serious limita- 
tions: 1) in no case was it known whether the enzyme retained 
its activity in the organic phase, 2) in each phase transfer, 
it can be envisaged that an unknown quantity of water enters the 
organic phase along with the protein and unless the amount of 
■water present in the organic phase is exactly known, it is 
difficult to interpret any physical or chemical data that can 
be obtained from a study of such systems. Such a restriction 
can be removed by the addition of an enzyme solution to a sur- 
factant solution in nonpolar solvent such that all the water 
added is solubilised into the organic phase. 

Martinek and coworkers (8) have reported that ch'ymotryp- 
sin and peroxidase retain at least part of their catalytic 
activity when solxibilised into octane by bis (2-ethylhexyl) - 
sodiumsulfosuccinate in presence of water. They utilised this 
system for simple synthetic purposes, but presented no quantita- 
•tive results regarding enzyme activities or conformation. 

Misiorowski and Wells, in an extensive study, found phos- 
pholipase A 2 to be active towards phosphatidylcholine reverse 
micelles in ether (9). • They measured the specific activity of 
phospholipase in this system at precisely known water and 
Ca^'^ concentrations. They found that there was an optimum water 

concentration vjhere the enzyme showed maximum catalytic activity 
and interpreted the water concentration dependence of the enzyme 
activity as arising from different degrees of hydration of the 
phosphatidylcholine reverse micelles. The enzyme was localised 
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at the core of the phosphatidylcholine reverse micelles/ along 
with the water present. 

Recently Wolf and Luisi have solubilised ribonuclease in 
octane by the addition of aqueous solutions of the enzyme to an 
octane solution of bis (2 - ethylhexyl) sodium sulfosuccinate (10). 
UV and CD spectra showed the enzyme to possess a conformation 
similar to that in water. Enz;^’me assays showed the enzyme to 
possess activity values that varied significantly with the pH 
and concentration of water in the system. 

Earlier on Balasubramanian and coworkers (11) had noted 
that a ~chymotrypsin retains part of its catalytic activity 
when included into microemulsions made from water, potassium 
oleate, hexanol and hexadecane. 

It is clear from the data thus far reviewed that enzymes 
solubilised into organic solvents in presence of water by sur- 
factants retain some of their enzymatic activity in many cases. 
This can be understood in terms of the formation of reverse 
micellar or microemulsion structures. Under these conditions 
the surfactant film at the interface may protect the enzyme from 
coming into direct contact with the organic solvent and thereby 
preserve the enzyme in its 'native' conformation. 

This picture, in turn, raises many interesting questions: 
will all microemulsions protect all enzymes from denaturation 
or are there only specific combinations that will have this 
property? What is the relationship between the concentration 
of water and enzyme activity? Will microemulsions also be 
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effective in solubilising and protecting enzymes as reverse 
micelles are? As was discussed in the earlier chapter, the 
structure of water in water pools is not identical with that of 
bulk water, at least at low water concentration. Since water 
structure affects hydrophobic interactions strongly will this 
lead to changes in the conformation of the solubilised enzyme? 

How would the electrostatic interactions between the enzyme and 
the surfactant affect enzyme structure and activity? 

Relevance of these studies to certain other points of 
interest must also be pointed out; 

1. It is well established (12) that the nature of water in 
cells is not the same as that of 'free* water. A significant 
portion of water in cells, especially in the vicinity of membra- 
nes, exists as bound water. Such bound water could have signi- 
ficant effects on enzyme structure so that the possibility exists 
that enzyme confoimation in these bound water regions may differ , 
somewhat from the conformation of the same enzyme in simple bulk 
water solutions. As discussed in the earlier chapter, a sizeable f 
portion of the water in the water pools in microemulsions exists j 
as some sort of bound water. Hence enzymes within microemulsions ; 
may serve as model systems for enzymes in cellular environments. 

2. Enzymes are the best catalysts known to man for many 
reactions. Still the utilisation of enzymes as catalysts in 
organic synthesis is not yet common because of a) the ccxnpara- [ 
tively difficult task and high cost of purifying many enzymes; I 
b) most enzymes are catalytically active only in aqueous 
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solutions/ precluding their use on reactants that are solxible 
only in nonpolar solvents. Another problem with the require- 
ment for aqueous environments is the fact that many equilibria, 
in which water is a product, are unfavourably shifted in aqueous 
environments. For example consider, 

R-OH + R’COOH ^R=COOR+ H2O 

If water is the solvent used for the above reaction the high 
concentration of water in the system will shift the equilibrium 
far to the left and hence such ester synthesis can never be 
carried out conveniently in aqueous media. 

All these difficulties are reduced if we can use enzymes 
solubilised in the core of microemulsions as catalysts. Since 
tlie water pool and the surrounding surfactant film together are 
much larger than the solvent molecules, they will be retained 
by dialysis membranes, facilitating the recovery of the enzyme 
used from the reaction mixture. The reactants and products will 
be removed with the dialysate. Since the system is largely non- 
polar, substances only sparingly soluble in water can be made 
to react under enzymatic catalysis. Since the concentration of 
water in the system is adjustable down, to very low values, 
favourable equilibria may be obtained. 

In the light of these factors, we have carried out a syste- 
matic study of the activity of a -chymo trypsin solubilised into 
different microemulsion systems at varying, precisely controlled 
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water concentrations. The surfactants used were of the three 
charge types, cationic, anionic and nonionic, so that compari- 
sons can be made. Farther we have carried out circular dichroism 
studies on bovine serum albumin and ghymotrypsin solubilised in 
the same microemulsion systems and present results related to 
the conformation of these proteins in the microemulsion systems 
used.’ 


EXPERIMENTAL 

Triton X-100, a product of Roehm Haas and Co., was pur- 
chased from the CSIR Biochemicals Unit, Delhi. Sodium dodecyl- 
sulfate, sodium laurate, cetyl trimethylammonium bromide and 
Brij-56 (cetyl ether of polyoxyethylene- 10) were from Sigma. 
Aerosol OT (bis (2-ethylhexYl) sodium- sulfosuccinate) was from 
TCI . 

Aerosol OT was purified by dissolving it in warn methanol, 
charcoal treatment, filtration and vacuum drying of the filtrate. 
Triton X-100 and Brij-56 were exposed to high vacuum while warm 
for -three hours to remove any volatile impurities and used. 
Cyclohexane and water were purified by standard methods. 

Solubilisation was achieved by adding a measured amount of 
the protein dissolved in a buffer (pH 7.4, 0. 1 M phosphate) to a 
measured volume of the surfactant solution in nonpolar solvent 
and mixing gently for a few minutes to ensure homogeneity. All 
solutions were freshly prepared everyday. 
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CD spectra were irun on a Jasco— 20 CD spectrometer at the 
Regional Research Laboratories^ Hyderabad. Mostly 0.1 mm path- 
length cells were used and appropriate baseline corrections were 
applied. 

The substrate used for chymotrypsin assays was 2/4-dinitro- 
phenyl acetate. The more common 4-nitrophenyl acetate could not 
be used in many of these systems, because the product p-nitro- 
phenol was found to be completely unionised, with a consequently 
low absorbance, in these systems. This is somewhat similar to 
the observation of Monger and Saito that the pK^ of 4-nitro- 
phenol is shifted to above 11 in water/aerosol OT/heptane (13). 

The method of assay used was the simple Bender-Kezdy 
procedure (14) . All experiments were carried out with suitable 
blanks* Appropriate corrections were applied to the initial 
rate of hydrolysis measured to correct for the spontaneous hydro- 
lysis of the substrate. Absorbance values for 2, 4-dinitrophenol> 
measured at 360 nm, were converted to millimoles of 2,4-dinitro- 
phenol by the use of extinction coefficients measured under 
conditions identical to the enzyme runs. 

Absorbance measurements were carried out on a Cary-17D 
or a Toshniwal RL02 spectrophotometer. All assays were run at 
25 + 1°C and CD spectra were run at room temperature. 

RESULTS AND DISCUSSION 

Figure 4.1 shows the variation in the activity retained 
by cc —chymo trypsin when solubilised into Triton X— 100 : hexanol 
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(4:1 w/w) , 20% w/v in cyclohexane as a function of added water 
concentration. The activity retained values are expressed as 
percentages of the specific activity of the same enzyme towards 
2, 4-dinitrophenyl acetate in aqueous buffer, pH 7,4. The 
activity values have been calculated after applying necessary 
corrections to compensate for the spontaneous hydrolysis of the 
substrate in the system. 

Figure 4,1 shows that the percentage activity retained 
by a-chymotrypsin in this system is nearly zero upto 1% v/v 
v/ater, concentration, but rises to about 50% as the v/ater concen- 
tration increases further to 5% v/v. Later, above 7% v/v x^/ater 
concentration, the percentage activity values fall to about 25%. 

Such variation in activity retained by the enzyme as a 
function of changing water concentration can be accounted for 
by the following reasons: 

1. As was discussed earlier, the nature of water present 
in the solubilised 'water pools' in the system Triton X-100 - 
hexanol-cyclohexane is different from that of bulk water. A 
significant fraction of water in the xvater pools is present as 
bound water, a state quite different from free bulk water. The 
fraction of water present as bound water decreases as the total 
water concentration increases. 

Hence at low water concentration in the Triton X-100 micro 
emulsions, the enzyme will be placed in an aqueous environment 
whose nature is significantly different from that of bulk water. 
This may be causing such structural perturbations in the enzyme 
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so as to make the enzyme lose its activity. As the total v/ater 
concentration increases# the amount of free water increases and 
normal/ active conformation of the enzyme is restored# leading 
to an increase in the percentage activity retained, 

2. It can be envisaged that the enzyme in the water pool 
is distributed between the interface and aqueous core. The 
enzyme at the interface may be more susceptible to denaturation 
of sorts through contact with nonpolar solvent or surfactant 
residues. As the v/ater pool increases in size# the ratio of 
interfacial area to the volume of the aqueous core reduces, 
thereby reducing the loss of enzyme activity at the interface. 

3. To a limited extent# the activities measured may not 
be consistently representative of the catalytic ability of the 
solubilised enzyme since the concentration of the reactant and 
products in the aqueous cores of the microemulsion may not be 
constant through the series. Such a situation can arise if the 
partition coefficient of the molecules between the aqueous and 
organic phases changes with water concentration. However# this 
factor may not be veiry significant as the assays were run at 
substrate concentrations that produced maximal velocities v/ith 
the enzyme present. Similarly the concentration of water is 
also far higher than the amount of water consumed during the 
reaction as well as the substrate concentration. Hence# the 
changes in water concentration through the series of measure- 
ments cannot explain the changes in activity retained in any 
direct stoichiometric way. 
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4. Another factor that could be of importance is the change 
in the viscosity of the medium or the fluidity of the interface, 
both of which can conceivably affect the diffusion characteris- 
tics of the substrate, products and the enzyme in the medium and 
this can in turn affect the measured kinetic parameters. 

Of these various factors the initial increase in enzyme 
activity between 1 % and 5% v/v water concentrations is most 
likely due to increasing bulk water fraction and decreasing 
interfacial denaturation. The fall in activity above 7 % v/v 
water may be due to the increasing viscosity of the medium just 
before and following the microemulsion to liquid crystal phase 
transition that occurs in this system, the details of which were 
presented in Chapter II. 

Due to the high absorbance of the substituted phenyl group 
in the surfactant molecule in the regions of interest, we could 
not investigate the CD spectral characteristics of the enzyme 
solubilised in this system. Nevertheless it seems likely that the 
native conformation of the enzyme is retained in this system at 
least to the extent that enzymatic activity is. 

Table 4.1 presents the values of percentage activity 
retained by a -chymotrypsin in a number of microemulsion systems 
at different water concentrations. The systems were chosen so 
as to contain anionic, cationic and nonionic surfactante so that j 
the effect of the charge of the surfactant on enzyme activity j 
can also be investigated. i 



128 


Table 4,1 

Activities are reported at 25 + 1°C w. r.t. standard acti- 
vity of enzyme in aqueous buffer pH 7,4 towards DNPA. 


System 

Water 
v/v concn . 

Snzyme (a - chymotrypsin) 
activity w.r.t. water* 

Aerosol OT 

1% 

0% 

(5% in octane) 

3% 

32% 


5% 

51% 

Sodium laurate 

2% 

0% 

(5% + hexanol 10% 

and above 


in CgH^ 2 ^ 

Cetyl trimethyl 

2% 

0% 

ammonium bromide 

and above 


(5% -1- hexanol 10% 
in 

Sodium dodecyl- 

2% 

59% 

sulfate 

( 5% + hexano 1 10% 

3% 

85% 


5% 

85% 

Brij-56 

in 

• 

o 

65% 

(15% + hexanol 6% 

1% 

87% 

in 


3% 

86% 


*Accurate to + 10%. 

Aerosol OT =di(2-ethylhexyl) sodium sulfosuccinate. 


Brij-56 = cetyl ether of polyoxyethylene-10. 
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The results presented in Table 4.1 reveal that the 
enzyme a-chymotrypsin retains part of its activity in Aerosol 
OT reverse micelles. Catalytic ability is retained to a larger 
extent in sodium dodecyl sulfate and Brij~56 systems. Activity, 
however, is totally lost in sodium laurate and cetyl trimethyl- 
ammonium bromide systems, 

a-Chymotrypsin has an isoelectric point of 8.4. Hence we 
can es^ect that at the pH of the buffer forming the water pool, 
the enzyme will be positively charged. So, purely electrosta- 
tic considerations would suggest that the anionic surfactants 
Aerosol OT, sodium dodecyl sulfate and sodium laurate will bind 
to the enzyme electrostatically, thereby probably positioning 
the enzyme close to the interface. The positively charged cetyl 
trimethylammonixam bromide will electrostatically repel the 
protein ’while Triton X-100 and Brij-56 will be neutral to the 
charge on the enzyme. Such electrostatic interactions were 
found to be of crucial importance in protein-surfactant complex 
formation by Dodd and coworhers (2,3). 

In the case of a-chymotirypsln in microemulsions we find 
that of the tliree anionic systems used, laurate leads to total 
loss of enzyme activity. Aerosol OT preserves activity partly 
and sodium dodecyl sulfate preserves the activity of the enzyme 
nearly completely. .Similarly, the cationic system, cetyl tri- 
methyl ammonium bromide, destroys enzymatic activity completely. 
From these observations, it is clear that electrostatic inter- 
actions alone are not capable of determining the ability of any 
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microerrtulsion system to preserve the catalytic activity of an 
enzyme solubilised in it. 

The nonionic Brij— 56 system works best among these sur- 
factants in preserving enzyme activity. One possible reason 
is that nonionic microemulsions, probably due to the absence of 
surfactant charge-charge interactions, are larger in size than 
ionic microemulsions. This would lead to a significant reduc- 
tion in interfacial denaturation of the enzyme. Another point 
of relevance could be the bullcy polyoxyethylene head group, 
which can act as an effective interfacial barrier, preventing 
the enzyme from contact with the more nonpolar part of the sur- 
factant and the bulk solvent. Also, the percentage enzymatic 
activity retained normally increases with increasing water 
concentration in all systems which show some retention of acti- 
vity initially. However, as seen with the Triton X-100 system, 
phase transitions may significantly affect the percentage acti- 
vity retained, 

Luisi and Wolf (10) have reported that ribonuclease solu- : 
bilised into aerosol OT reverse micelles in octane under certain j 
conditions showed enzymatic activity higher than that in water. ; 
In our studies with a-chymotirypsin we never found any such 
instance. Moreover, it was observed that the enzyme that had j 
been solubilised in any of these microemulsion systems was irre-, 
versibly denatured on vigorous agitation. Another observation i 
was that the activity retained by the enzyme varied from run to 
run slightly, to a maximum of about 10% of the average of the 
measured activity values. I 
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In order to gain more direct information about the confor- 
mations adopted by proteins in microemulsion environments we 
have taken recourse to CD spectral investigations. Since CD 
spectra in 250-200 nm region are excellent indicators of protein 
backbone conformation, these studies should provide direct 
evidence regarding the conformational status of proteins in 
microemulsion environments. . 

Due to the low molar ellipticity of a -chymotrypsin and 
since we were restricted to very low (0. 1 mm) pathlength cells 
due to surfactant absorption in the region of interest, we could 
get reliable a-chymotrypsin CD spectra only at somewhat high 
water concentrations. The other protein investigated, bovine 
serum albumin, could however, be studied at lower water concen- 
trations as well. The CD spectra recorded were somewhat noisy, 
leading to uncertainties in the measured ellipticity values of 
about + 10%. 

Representative CD spectra of cc -chymotrypsin and bovine 
serum albumin in different microemulsion environments as well 
as in simple aqueous buffer in the region 250-200 nm are present- 
ed in Figs. 4.2 and 4.3. The results are qualitatively classi- 
fied and summarised in Table 4.2. 

Generally three different kinds of CD spectra were obtain- 
ed. The spectra which correspond to "conformation retained" 
classification in Table 4-. 2 were essentially similar to the 
aqueous solution spectra in position of maxima, ellipticity 
values and other features of the spectrum. The ellipticity 



2 CD spectra of of-chymotrypsin in different rric^ 
and in water 
— o( CT in water 

------- d CT in Brij 56 system : 5% v/v water 

• d CT in Aerosol OT system; 5% v/v water 

a; CT in Laurate system : 5% v/v water. 


o 
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Table 4.2 * 


System 

Water 

Con f orma ti on 

'3L 

according to CD 

r- - -r ,,T 1 

concn. v/v 

Bovine Serum 
Albumin 

\ ct -Chymo trypsin 

J 

1. Aerosol OT 

1 % 

Modi fied 



3% 

Modified 



. 5% 

Modified 

Partly retained 

2. Sodium 1 aura te 

2 % 

Modified 



5 % 

Modified 

Modified 

3, Cetyl trimethyl- 

2 % 

Modified 


ammonium bromide 

5 % 

Modi fied 

Modified 

4. Sodium dodecyl 

2 % 

Retained 


sulfate 

5% 

Retained 

Retained 

5, Brij-56 

0.5% 

Retained 



1% 

Retained 



3% 

Retained 

Retained 


5% 

Retained 

Retained 


* System compositions identical with Table 4.1. 

a. Modified; all features of the water CD spectrum of protein 
are lost in system and a low ellipticity spectrum obtained. 

Retained: CD spectrum of protein in given system is very 

similar in structure and magnitude to CD spectrum 
in water. 

Partly : CD spectium of protein in given system is similar 
retained in structure but lov/er in magnitude compared to 

CD spectrum in water. 
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values of these CD spectra matched the corresponding aqueous 
CD spectra within experimental error. The classification 

'partly retained' refers to spectra which were similar to the 
aqueous spectra in general features like wavelength of maxima^ 
but showed lower values of molar elliptic! ties, of the order of 
50% of the aqueous solution values. The 'modified' classifica- 

3 

tion belongs to featureless CD spectra of very low (circa 1 xlO 
2 

cm /decimole) values of ellipticity. These spectra bear no 
resemblance to the corresponding aqueous spectra. 

We can qualitatively interpret the three classes as 
follows: In those systems where the protein is essentially 

solubilised in its native, aqueous solution conformation, we 
get spectra that belong to the 'conformation retained' group. 

The 'modified' spectra arise from completely denatured protein 
conformations. The 'partly retained' kind of spectra may arise ■ 
from either a conformation intermediate between the native, 
aqueous state and the denatured state or, more probably, from a s 
mixed population of protein molecules, one set of molecules 
denatured and the other in an essentially native conformation. I 
The latter possibility is what would be expected if, in the ; 

microemulsions, some of the protein molecules are denatured at 
the interface while the rest of the protein molecules, at the 
core of the water pools, maintain their native structure intact. : 

VJhen we compare the CD spectral data obtained on a -chymo- 
trypsin in these systems with the enzyme assays, we see that the 
CD data support the assay values as far as the conformation of 
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the enzyme is concerned. The CD spectra show that the native 
conformation of a -chymo trypsin is retained in sodium dodecyl sul- 
fate and Brij-56 systems, is partly retained in the Aerosol OT 
system and is lost in laurate and cetyl trimethyl ammoniTom 
bromide systems. This is the same pattern as obtained in the 
case of enzyme assays. 

In the case of bovine serum albumin also a similar 
pattern is followed except that in the Aerosol OT system also 
the native conformation of the protein is lost. In this case 
again we see that charge considerations alone are not sufficient ; 
to predict the effect of the surfactant constituting the micro- 
emulsion on the conformation of the solubilised protein. Bovine i 
serum albumin, v/ith an isoelectric point of 4,8, will be nega- 
tively charged under the conditions of our experiment (buffered | 
water pool, pH 7.4). We find that of the negatively charged : 

surfactant systems used. Aerosol OT and laurate lead to loss of 
the native conformation of the albumin while sodium dodecyl : 

sulfate protects the native conformation. Here again the non- 
ionic Brij-56 is seen to be highly effective in protecting the | 

conformation of the solubilised protein. 

The CD and assay data together suggest that the nonionic | 
Brij-56 microemulsion system is more effective than the ionic i 
microemulsion systems considered in solubilising proteins with ' 
good retention of their native structures. The charged micro- 
emulsion systems are seen to behave differently with respect to 
diffsrent proteins and in a manner not explicable through charge 
considerations alone. • 
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It must be further stressed here that both the activity 
estimates and CD spectral analysis are in themselves only partly 
capable of characterising the ver^r complex conformations of 
proteins. Hence further studies by other available spectro- 
scopic methods on these systems with a viev/ to delineating the 
conformation of the proteins may show up more subtle differences 
between the conformations adopted by proteins in simple aqueous 
environments and the microemulsion environment. 

Lastly, an experiment was carried out to test the utility 
of the microemulsion system for synthetic purposes, Martinek 
and coworkers (8) had earlier utilised chymotrypsin solubilised 
in Aerosol OT reverse micelles for a simple synthesis. We have 
carried out a similar esq^eriment with the Triton X-IOO microemul- 
sion system. For enzyme solubilisation for synthetic puiqsoses, 
the high retention of native protein confomation and the larger 
range of water concentrations possible with nonionic microemul- 
sions should make them superior to reverse micelles. Moreover, 
microemulsions can be easily made stable at different temperatures{ 
and other conditions by simply altering the surf actant-cosurf ac- ; 

tan t ratio. Another advantage of using nonionic microemulsions j 

' i 

is that at low water concentrations the water pools in nonionic | 
microemulsions seem to be more fluid than the cores of ionic 
reverse micelles, as discussed in Chapter III, This higher flui- 
dity should lead to faster kinetics for many reactions of interesij 

■' , . ,, , ■ ' ' V , ■ [ 

While nonionic reverse rnicelles niay share inany of properties 

■i 

vd-th nonionic rrd.cro€irrailsionsv the small association number and | 
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low water solubilisation capacity of most nonionic reverse 
micelles restrict their utility severely. 

The synthetic reaction studied was the simple esterifica- 
tion of 2, 4-dinitrophenol by acetic acid: 

(NO 2 ) 2-CgH2-OH -f CH^COOH (NO 2 ) 2-CgH3-OOC-CH2 + H 2 O 

To test the extent of the forward reaction in water, a 5 mg/ml 
solution of a -chymo trypsin in 0.1 molar acetate whose pH had 
been adjusted to 7.4 was prepared. To a measured volume of this 
solution, enough 2, 4-dinitrophenol, dissolved in the same solvent 
was added to give a final absorbance of 1 at 360 nm. The solu- 
tion was stirred gently at 25 °C for 10 hours and the absorbance 
at 360 nm was again measured. There was no change in absorbance, 
showing that very little, if any, 2, 4-dinitrophenol had been 
converted to the ester. This means that the equilibrium for 
the esterification reaction lies entirely to the left in aqueous 

i 

solution. : 

Next, to a Triton X-100 -hexanol (4:1, w/w) , 20% w/v solu- | 
tion in cyclohexane was added enough of a 5 mg/ml a-chymotryp— j 
sin solution in 0.1 molar acetate, pH 7.4 such that the final j 

water concentration in the system was 2% v/v. This was gently 
mixed to ensure even solubilisation of the enzyme. To the solu- 
bilised enzyme system thus prepared was added enough of a 2,4-di-f 
nitrophenol solution in a miscible organic solvent to give a [ 
final absorbance value at 360 nm of 1. The solution was then 
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stirred gently for two hours and the absorbance was again 
measured at 360 nm. The absorbance value thus measured was 
about 0,25. 

The fall in the absorbance in the microemulsion system 
can be ascribed to the formation of ester from 2,4-dinitrophe- 
nol and acetate. The equilibrium would seem to have been 
shifted from about 0 % ester in water to about 75% ester in the 
microemulsion system under the experimental conditions employed. 
Since the enzyme has been earlier shown to be active in a similar 
system, we can assume that the equilibrixim was attained with 
assistance from enzymatic catalysis. 

The above experiment shows the utility of microemulsion 
systems in enzyme assisted synthesis. By forming microemulsions I 
in appropriate solvents, many complex substrates whose solubi- | 

lity is low in water can be subjected to enzymatic trans forma- : 

' i 

tions in these systems. Further, suitable conditions for achiev- | 
ing favourable equilibria can be attained by manipulating the j 
concentration of water in the system. Product and catalyst j 

recovery schemes based on dialysis through suitable membranes j 
should be possible. All in all, it would seem that microemul- j 
sion solubilised enzyme systems are a potentially useful syn the- | 
tic tool suitable for more extensive investigation. 
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CHAPTER V * 

STUDIES ON PHOTOCONTROL OF ENZYI'^IE ACTIVITY 
IN A MODEL MEMBRANE SYSTEM 


*A summary of the work described in this chapter has been 
published: 

D. Balasubramanian, S. Subramani and C. Kumar, Na ture . 

252 ( 1975 ). 
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Light being one of the most important environmental 
variables, many organisms have developed sophisticated light- 
sensitive organs that monitor changes in the light environment 
and influence the behaviour of the organism accordingly, A 
large number of processes in living organisms, ranging from 
the flowering of the plants to phototaxis in bacteria are under 
the control of such photosensitive organs. The higher organi- 
sms also utilise light for vision. 

Considering the great importance of perception of and 
adaptation to changing light conditions, it is not surprising 
that many different photoregulated systems are found to exist 
in nature. ; 

Hence, the study and elucidation of the mechanism of i 

such photoregulated systems is important for the understanding [ 
of many processes. Considerable attention has been devoted 
to such studies in the past several years by many workers (1) . 

The general pattern that emerges from such studies is the | 
involvement of specific light receptor molecules in photocontrol 
mechanisms. Such molecules are often proteins with light-sensi- 

i 

tive prosthetic groups. Light of a particular wavelength is i 

absorbed by and induces conformational changes in the prosthetic 
groups. The conformational changes in the prosthetic group are 1 , 
then transmitted to the protein part, in turn leading to changes j 
in the enzyme activity, membrane permeability or other such ^ 
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properties. Two important examples are the protein involved 
in vision/ Rhodopsin/ with its retinal prosthetic group and 
Phytochrome/ the plant photophysiological control protein/ with 
its tetrapyrrole prosthetic group. 

In order to facilitate the study of the mechanism of such 
photocontrol systems, one approach that has been employed is the 
development of model systems that mimic some of the properties 
of the real systems. 

Erlanger and coworkers have built model systems in which 
enzymes normally insensitive to light e.g. chymotrypsin (2) and 
acetylcholine esterase (3) , have been changed into light-sensi- 
tive forms. This was achieved by conjugating the proteins to 
the azobenzene derivatives of their respective inhibitors. Azo- 
benzene and its derivatives undergo cis-trans isomerisation 
easily upon irradiation with light of appropriate v^avelength. 
Depending on the wavelength of the light used one can achieve 
cis to trans or trans to cis - isomerisation. The cis and trans I 
forms of the inhibitors showed different inhibitory efficiencies | 
towards the enzymes (2,3) and thus the activity of the enzyme 
became sensitive to light. By changing the conformation of the | 
non-covalently bound prosthetic group (the inhibitor) photo- * 

chemically, the activity of the enzyme was modulated, leading to 
a model photocontrol system. Similar photo regulation of the chemi- 
cally induced depolarisation of electrogenic membranes using azo- 
benzyl inhibitors has also been reported (4) . Aldolase, a 
normally light-insensitive protein, has been converted into a | 
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light-sensitive form by coupling the enzyme with diazotised 
p-aminobenzoate (5). More recently, it has been shown that the 
binding constants for many small molecules with cyclodextrin 
could be made light-sensitive by conjugating cyclodextrin with 
azobenzene dicarboxylic acid (6) . Many such studies have been 
recently reviewed by Hug (7), 

In the above examples, the photochromic prosthetic group 
directly interacts with the protein either by covalent bond 
formation or at specific preexisting receptor sites. Another 
possible way in which conformational changes in a photoreceptor 
molecule may affect the characteristics of a biological system 
is through the membranes. The photosensitive molecule present 
in a membrane may, upon isomerisation, affect the membrane 
characteristics such as fluidity. These changes may be trans- 
mitted through the membrane to enzymes located at another point 
on the membrane and thus the activity of enzymes may be photo- 
modulated indirectly. One point of importance is that such a 
mechanism can lead to photomodulation of a host of enzymes 
simultaneously without invoicing specific photoreceptors for 
each enzyme controlled. 

In this chapter we present the results of our attempts to 
develop a model system in vrhich membrane-mediated photocontrol of 
enzyme activity can be achieved. 

Though these results are presented at the end of this 
thesis, the work contained in this chapter was carried out 
earliest by us and was the reason for our interest in micro- 
emulsions in general. 
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EXPERIMENTAL 

The model membrane system we utilised was the liquid 
crystalline phase of the potassium oleate/ n-hexanol, n-hexa- 
decane and water system (8) . All chemicals used v^ere purified 
by distillation or recrystallisation from suitable solvents, as 
appropriate. 

Conductivity measurements were carried out on a Philips 
PR-9500 conductivity meter at 1 KHz v;ith platiniim electrodes. 

The isomerisation of the photochromic molecules used, azobenzene 
and 4, 4 ' -azobenzene dicarboxylic acid dimethyl ester, was achiev- 
ed by illuminating the sample with a 250 W mercury lamp through 
filters. For cis to trans -isomerisation, irradiation was done 
through a Corning CS373 filter (400-500 nm) for eight minutes. 

For trans to cis -isomerisation, irradiation was done through a 
Corning CS760 filter (300-400 nm) for 8 minutes. Optical aniso- 
tropy in the system was monitored by viewing the system held 
between crossed polarisers against a strong light source. 

The enzyme used, oc-chymotrypsin, was obtained from Sigma 
and used as such. The substrate, p-nitrophenyl acetate, was 
purified by multiple recrystallisation. The assay method used 
was the simple Bender-Kezdy procedure (9). 

To test for the binding of the photochromes to the enzyme 
directly, the enzyme was assayed in the presence and absence of 
the photochromes in a phosphate buffer of pH 8,0. If the photo- 
chrome binds to the enzyme directly, it is expected to result in 
changes in the activity of the enzyme. 
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The model membrane system was normally prepared by the 
addition of water to an appropriate mixture of potassium oleate, 
hexanol and hexadecane to achieve the desired water-to-oil ratio 
and gentle mixing to ensure homogeneity. Photochromes were added 
normally to the organic mixture before the addition of v;ater. 

For assays in the model membrane system/ an aqueous solu- 
tion of the enzyme was added to the organic mixture (instead of 
water) and gently mixed. To an aliquot of the liq-uid crystal 
containing the enzyme was added a measured volume of p-nitro- 
phenyl acetate in hexanol. The hydrolysis of the substrate was 
followed by monitoring the absorbance of the solution at 400 nm 
at suitable intervals for 10 minutes on a Beckman DU UV-Vis 
spectrophotometer. The absorbance values were converted to 
M moles of p-nitrophenol liberated using the extinction coeffi- 
cients of p-nitrophenol measured under identical conditions. 
Enzyme activities were calculated after applying suitable correc- 
tions for the spontaneous hydrolysis of the substrate. 

All experiments were carried out at 28 + 1°C. 

RESULTS AND DISCUSSION 

The system potassium oleate -hexanol - hexadecane-water 
was chosen as a suitable model membrane because of its interest- 
ing properties. This system/ as discussed in the Introduction/ 
shows phase transitions from the water-in-oil raicroemulsion to 
lamellar liquid crystals to oil-in-water microemulsion as the 



147 


water: oil ratio increases. It has been shown that the phase 
transition properties of the system respond to Ca^"*" and anaesthe- 
tics as do other lipid-based model membranes (10) . Due to the 
similarity in moleOular organisation of the lamellar liquid 
crystalline phase of this system .to bilayers of lipid membranes, 
the lamellar liquid crystalline phase can be utilised as a con- 
venient model membrane. The molecular arrangement of the oleate 
system in its different phases in shown is Fig. 5.1. 

In this microemulsion system, one convenient method of 
following the molecular arrangement is through conductivity 
measurements on the system. The variation in the conductivity 
of the system with water: oil ratio is shown in Fig. 5..1, It will ; 
be seen from Fig. 5 , 4 . that at low v/ater concentrations the con- 
ductivity is very low. This corresponds to water-in-oil micro- ( 
emulsions. For the region of water: oil ratio 0,7 to 1,2, we 
find intermediate conductivity values. This region corresponds 
to the liquid crystal phase. Beyond this water: oil ratio, oil- 

I 

in-water microemulsions are formed, with high conductivity valuer 

■ . i 

To test whether the conformation of a small photochromic I 

molecule in the model membrane system can affect the molecular | 
organisation of the membrane, we carried out the following [ 

experiment. The liquid crystalline phase was formed from i 

potassium oleate-hexanol-hexadecane and different amounts of 
water. The conductivity of the samples were measured at diffe- 
rent water- to-oil ratios and the system irradiated for 10 min. | 
intervals through a CS760 or a CS373 filter and the conductivity 
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Fig. 5.1 Variation of resistance of the K -Oteate -hexano! -hex 
water system as a function of water to oil ratio (8 

a. w/o microemulsions 

b. water cylinders 

c . Lamellae 

d. o/w microemulsions 
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measured again. It was found that irradiation has no effect on 
the conductivity of the model membrane in the absence of added 
photochromes. 

Next, we prepared the same model membrane systemu-zith the 
photochrome azobenzene added to it at a molar ratio of azoben— 
zene:hexadecane (1:300). The conductivity of this system was 
followed as a function of added water concentration. The values 
measured are shown as the solid curve in Fig. 5,2. 

At specific water-to-oil ratios, the system containing azo- 
benzene was irradiated for eight minutes with light of wavelength 
300-400 nm, or above 400 nm wavelength. It v/as found that 

irradiation in the 300-400 nm range led to a decrease in the 
conductivity of the system. On the other hand, light in the 
400-500 nm range led to an increase in the conductivity of the 
system, compared to the control values. The irradiated system, 
on standing, reverted back to conductivity values of the unirra- 
diated system. 

Arrows A Sc B at the water to oil ratio of 0.7:1 and 1.2:1 
in Fig. 5.2 show the variation in conductivity of the system I 

upon irradiation. The changes in conductance observed with j 

irradiation at one wavelength region could be reversed by irra- j 

■ " 't 

diation at the other wavelength region and this process could be 
repeated cyclically. 

Azobenzene exists as an equilibrium mixture of 20% cis and 
80% trans isomers roughly at room temperature. When the mixture j 
is irradiated with light in the 300—400 nm range, the trans I 
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azobenzene photoisomerises to cis . This produces a new photo- 
stationary state with the azobenzene almost entirely in the cis 
form. This photoisomerisation alters the molecular arrangement 
of the model membrane^ as reflected by the decrease in conduc- 
tivity, If the irradiation is in the 400-500 nm region, the azo- 
benzene is converted to nearly all trans and the conductance of 
the system increases, signifying different changes in the mole- 
cular organisation of the model membrane. If the irradiated 
system is allowed to stand in the dark, azobenzene thermally 
reverts back (11) to its equilibrium conformer population. This 
changes the conductivity values back to their unirradiated 
values, falling on the solid line in Fig. 5.2. 

In the clear water-in-oil and oil-in-water microemulsion 
regions of the system, conductance changes produced upon irra- 
diation of the azobenzene containing system were much smaller in 
magnitude in comparison with those obtained in the liquid cjrys- 
talline phase. The other photochrome used, 4, 4 ' -azobenzene- 
dicarboxylic acid dimethyl ester also produced results similar 
to azobenzene. 

From the results so far presented, it is clear that the i 
conformation of the photochrome, present at a low molecular con- j 
centration, can affect the molecular organisation of the model : 
membrane significantly. A similar result has been reported by | 
Verma et ad., who investigated phospholipid bi layers in presence 
of cis and trans retinal by ESR (12). They found trans retinal J 
to increase the order and c±_s retinal to decrease order in this j 
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model membrane system. 

Another observation clearly brought out the effect of the 
isomerisation of photochrome on the molecular organisation of 
the model membrane. When the system was taken at the borderline 
between the water-in-oil microemulsion and the liquid crystalline 
phase (at a water to oil ratio of 0.7:1) and irradiated to 
photoisomerlse els azobenzene to trans , the system changes from 
the liquid crystalline to the water-in-oil microemulsion, as 
monitored by optical anisotropy. If the photochrome was nov/ 
converted to cis, the system reverted back to the liquid crysta- 
lline phase. 

Since a higher degree of order in the liquid crystalline 
phase can be expected to lead to higher resistance, and since 
trans azobenzene seems to destablise the liquid crystalline phase 
with respect to the water-in-oil microemulsion, it seems likely 
that trans conformation of the photochrome promotes disorder in 
the model membrane and cis conformation promotes order. 

Having thus established that the molecular organisation of 
the model membrane is sensitive to the conformation of an imbedded 
photochrome, the next queiry that naturally arises is: can tliese 
changes' in the molecular organisation be further transmitted to 
an enzyme that is embedded in the membrane? It is well known that 
membrane-bound enzymes and transport systems shov/ significant 
dependence in their properties on the fluidity of the membrane 
lipids (13) . Hence, it seems possible that changes in the mole- ; 
cular organisation of the model membrane can be further transmitt^ 
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to an enzyme system interacting with the membrane. 

The enz 3 ^e we have ■utilised for testing -the above hypothe- 
sis was oc-ch-ymotrypsin. ihe monitor used to follow the effect 
of membrane organisation on ■the enzyme was ■the catalytic activity 
of •the enzyme itself. 

First, to test ■the direct effect of ■the photochromes on 
■the enzyme, 'we assayed the enzyme in pH 8.0 phospha^te buffer in 
the presence and absence of sa^turating amounts of the photochromes i 
used. Since at ambient temperature the photochromes exist as a 
mix^ture of ■the cis and trans forms, the assay in presence of the 
photochromes should be sensitive to the interaction of the photo- | 
chromes in either isomeric form wi^th the enzyme. It was found 
in these assays ■that in presence of 4, 4 '-azobenzene dicarboxy- 
lic acid dimethyl ester the enzyme activity v7as depressed by i 

about 20% in comparison wi-th ■the pure buffer control. Since ; 

■there exist many model systems in which a photochrome interacts I 

directly wi^th an enzyme (7), ■this system was not investigated f 

any further. On ■the other hand, azobenzene did not affect the t 
ac^tivi^ty of the enz^yme in aqueous buffer in any significant way. | 
This means that either azobenzene does not bind ■the enzyme j 

directly or, if it does bind, the binding is of such a na^ture as i 
to not affect the ac^tivity of the enzyme in any significant way. | 
Hence, azobenzene was used as -the photochrome of choice in ] 

fur^ther studies. j 

a -Chymo trypsin, in either aqueous buffer or the liquid 
crystalline phase of the potassium oleatesys^tem,, did not show j 
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any changes in activity upon irradiation with light of either 
300-400 run or above 400 nm wavelength. This establishes that 
a-chymotrypsin is not intrinsically sensitive in light. 

Lastly, the enzyme was assayed at a water- to-oil ratio of 
1:1, corresponding to the lamellar liquid crystalline phase, in 
presence of azobenzene (azobehzene:hexadecane molar ratio of 
1:100) , The assay was carried out in presence of 3 mg a-ohymo- 
trypsin per ml of water. The assays were carried out on identi- 
cal samples without any irradiation, after irradiation with 300- 
400 nm radiation for 10 minutes and after irradiation with above 
400 nm radiation for 10 minutes. 

If the activity of a-ch^’motrypsin in the unirradiated 
liquid ciystalline phase in presence of azobenzene was taken as 
the control unit, irradiation in the 300-400 nm region (to 

induce trans to cis isomerisation of the photochrome) , leads to 

' ; , ' ' 

a four- fold increase in the activity of the enzyme. Similarly, 

; ; I 

when irradiated in the 400 to 500 nm region to induce cis to | 

" I 

trans isomerisation, the activity measured of the enzyme dropped | 

I 

to about 60% of the unirradiated control. Though there were [ 

small variations in the magnitude of the enhancement and depre- ! 
ssion of enzyme activity between different samples, the general 
trends were always maintained. The results of a typical enzymie , 
assay are presented in Pig. 5.3. | 

Since it has already been established that the photochrome j 
used does not interact directly with chymo trypsin, the above ; 

presented results can only be explained by the interaction of i 
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Fig. 5.3 Typical plot for assay of enzyme in mode! membrane 

system (28i1°C, water to oil ratio 1:1, 3 5 mg enzymi 
per ml water, azobenzene to hexadecane molar ratio = 1:1 
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the membrane system with the enzyme. The enzyme activity is 
modulated by the photochrome indirectly/ through the membrane: 

Light Photochrome — Membrane — ^ Enzyme. 

This provides a very interesting model of general membrane 
mediated photocontrol of enzymes. The changes occurring in the 
physical state of the membrane may affect the enzyine conforma- 
tion and hence, activity directly in the case of membrane bound 
enzymes (13) . Another possible way in which apparent modula- 
tion of enzyme activity may be achieved is through changes in 
transport characteristics like the barrier to diffusion at the 
interfaces of the membrane with respect to the enzyme substrates 
or products. This can, in principle lead to the establishment 
of concentration gradients of substrates or products and thereby 
alter the kinetics of the enzyme catalysed reaction. 

Membrane mediated photocontrol is very likely to occur in 
and is of relevance to many systems. For example, tlie plant 
physiological control protein, phytochrome, is sensitive to red 
radiation and exhibits photochromism: 


P red 


red 660 nm 
'^far red 720 nm 


P far red 


The conversion of phytochrome from its red to far red form 
by photoisomerisation leads to a number of specific responses 
(14). These responses can be abolished by reisomerising phyto- 
chrome to its red form by far red Irradiation. Considering the 
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large number of responses that quickly follow photoisomerisa- 
tion of phytochrome# a membrane mediated control process would 
seem likely. 

Similarly, the vision' response is triggered by the photo- 
isomerisation from 11 cis to all trans of the retinal prosthetic 
group of the vision protein, rhodopsin. Following this isomeri- 
sation, the all trans retinal is released by the protein. This 
step in a still unknovm v/ay, leads to set of complex responses 
that initiate the process of perception of light (15). One possi- 
bility, in the light of the model membrane studies discussed in 
this chapter, is that the retinal released by the protein inter- 
acts with the lipid matrix of the membrane. This can lead to 
changes in membrane order and mobility. These changes can then 
be transmitted through the membrane to distally located enzymes. 
The activity changes of these enzymes, along with changes in the 
permeability of the membrane may trigger the biochemical process- 
es necessairy for the perception of light. Of course, the protein 
may also undergo conformational changes upon release of all trans 
retinal. These changes, by altering protein lipid interaction, 
can also affect lipid order and fluidity of the retinal membrane 
in a way similar to the photochrome. 
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FUTURE WORK 

The work contained in this thesis was envisaged and 
carried out with a two- fold purpose: (a) to train the candi- 
date in and to provide exposure to various techniques of 
investigation which are currently found useful in investigat- 
ing suprarnolecular assemblies, (b) to develop the basic exper- 
tise necessary in order to formulate microemulsion based model 
systems of a more sophisticated nature. 

After the completion of the work contained in this thesis, 
we are currently attempting to investigate the following ques- 
tions: 

(1) It is well known that chlorophyll, the photo synthetic pig- 
ment, . exists under certain conditions in aggregates which 
possess many interesting properties. Chlorophyll, in 
plants, occurs in photo synthetic membranes at high concen- 
trations, presumably, in an aggregate form. J .P. Mittal 
has shown that chlorophyll aggregates can be stabi Used in 
water by surfactant micelles. Can microemulsions either 
based on or containing chlorophyll be produced? What will 
be the properties of such systems in relation to chlorophyll 
in simple solutions? 

(2) Catalysis by micelles and reverse micelles are well studied. 
An aspect that should be of great interest is the develop- 
ment of optically selective catalysts by the utilisation of 
optically active surfactants. Micellar catalysis by 
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optically active surfactants# in the studies done so far# 
has not shown high selectivity. We are attempting to deve- 
lop reverse micelles and microemulsions from optically 
active surfactants. These may prove to be optically more 
selective as catalysts. 

Other than work directed towards investigating the above 
two possibilities, we are also planning to continue our spectro- 
scopic studies, especially magnetic resonance investigations, 
into the structure of reverse micelles and microemulsions. 
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